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The Band Spectrum of Carbon Monoxide

Paul H. Krupenie
ABSTRACT
This is a critical review and compilation of the

wuserved and predicted spectroscopic data on CO, €07,

anl €2°%' in the gas phase.

" Work sugnorted In part Ly the National Aeronautics and Space Adminis-
trat’.on.



1. INTRODUCTION

There exists no unified compilation of spectroscopic data for dia-
tomic molecules. The standard references in use, now incomplete and out
of date, are the tables of molecular constants in Herzberg's book [99]!
and the more extensive compilations by Rosen et al. [213] which include

band positions and perturbations. Rapid accumulation of new data
has made apparent the need for a current critical review and more exten-
sive compilation. This need has been partially met by recent tabulations
of band head wavelengths by Pearse and Gaydon [187], and the compilation
of these and other data for a select group of diatomic molecules of
astrophysical interest by Wallace [266]. The only recent review known
to the author which is devoted to a single molecule is that of Lofthus
[153], "The Molecular Spectrum of Nitrogen".

The present work, first in a series on diatomic molecules,® follows
the approach of Lofthus and is devoted to a single molecule. This re-
port includes a comprehensive review of the literature on the spectrum
of €O, CO*, and 002*” in the gas phase, and a compilation of critically
evaluated numerical data on band positions, molecular constants, energy
levels, potential energy curves, and other molecular properties derived
from the spectrum. Estimates of reliability are given where possible.

Papers from which the tabulated data have been extracted are dis-

cussed in the text of this report. Early data of presumably low preci-
sion have been included in the tabulations only where better or more

recent data are not available. The references cited constitute a critical
bibliography rather than an exhaustive one. The author will be indebted

to readers who bring to his attention significant references not included
in the bibliography.
2




No spectrograms are included in the report (but see Table 1 for
references with reproductions of spectra). However, the Molecular
Excitation Group, Department of Physics, University of Western Ontario,
London, Ontario, Canada has forthcoming identification atlases for
various band systems including several for carbon monoxide.

Discussions of infrared inteﬂsities, absorption coefficients, and
line shapes and widths are omitted here; literature on these topics can
"2 iraced from references in the recent paper by Benedict et al. [18].

Larbon monoxide is an important molecule for the following reasons:
(1) It is a product of combustion of organic molecules and plays an

important role in the reactions of flames; (2) it appears as an impurity

in many systems and its spectrum is readily excited, especially the
strong A-X Fourth Positive system in the UV; (3) it is a constituent
ol the solar chromosphere, stellar atmospheres, and comet tails [CO*],
[the increase in rocket and satellite observations will enhance its
importancel; (4) because it is a light molecule its electronic struc-
ture is amenable to theoretical analysis; (5) it is isoelectronic with
Nz which is important as the primary constituent in the earth's atmos-
phzre; and (6) it is easily obtained in pure form and readily handled

in the laboratory.



The spectrum of (O is dominated by three prominent band systems:
AL[I-X* " Fourth Positive system (2800-1140 K), s -a®1l Third Positive system
(3800-2600 Z), and B3 -ATl Angstrom system (6600-4100 Z). The A-X
system is the most pronounced and extensive, with more than 150 bands
being observed. For 0% the A%, -X®3* Comet Tail system (7200-3080 K)
is the strongest. This system may be important in radiative heating of
hypersonic vehicles at escape velocity or in the atmospheric fringe of
the planet Venus (which contains CDB).

Study of the carbon monoxide spectrum in the visible region orig-
inated with the work of Kngstrom and Thalén in 1875. The earliest band
head measurements in the UV were made by Deslandres in 1888, and by
Lyman shortly after the turn of this century. All of the early obser-
vations on (0 have been catalogued in volumes V and VII of Kayser's

Handbuch der Spektroscopie [127], but they can most easily be traced

from an early review on the band spectra of (0 by Birge [23].




The modern study of the spectrum of carbon monoxide began in 1926.
In that year, Birge [22, 23] obtained the vibrational analysis of the
ALT-X st Fourth Positive system, which, together with the correlation
of emission and absorption measurements, enabled him to draw an energy
level diagram for the observed electronic states. The impetus provided
by the development of the quantum theory together with improved spec—~
troscopic techniques resulted in extensive work in the 1930's on
rotational analyses, and study of perturbations and predissociations.

In the early 1940's, there appeared the first studies of Rydberg series,
followecd a decade later Ly the beginning of precise infrared vibration-
rctation spectral measurements and microwave studies. Controversy of
thirty years standing over the value of the dissociation energy of (O
appears to have been convincingly settled by Douglas and Mfller's
re-examination [56] and review of the suspected predissociations of the
AT state.

The mid-1950's ushered in renewed interest in forbidden transitions
ard new ctates. Twos bands previously thought to originate from high
vibtrational levels of the a'®S* state (though questioned by Garg [68], Herzberg [99],
ard Gavion [691), nave peen indirectly found to originate from the fo%*

Sta

+

€ 1Y more recent work of Herzberg and Hugo [101]. The 'Y state,
previciusly known only from ivs perturbations of ths A LL state, has been
wheerved In furbidden transition to the X'3" state. Complete details
preonet vet gvailable.

Current effort is still centered more on the determination of energy

-ovels (i.e. precise measurements of line positions) rather than on the

more dirricult intensity mesasurements.

5



2. ELECTRONIC STRUCTURE OF CO AND CO*

The early work of Mulliken [167, 168], largely intuitive and semi-
empirical, has laid the foundation for our understanding of the electronic
structure and spectroscopic properties of carbon monoxide. Recent
numerical calculations qualitatively account for a number of these fea-
tures, though quantitative predictions are generally less reliable. The
order of bound electronic states lying below 11 eV has been correctly
predicted, but not their numerical term values. Energies of some
unobserved electronic states have been estimated. Calculated ionization
potentials agree fairly well with experimental values. Hartree-Fock
calculations question the experimentally determined polarity of the
dipole moment. Theoretical prediction of the identity of the E state
as Il has been confirmed experimentally. Poor values are obtained for
the ground state binding energy and potential energy curves of low lying
states.

This section reviews what is known about the electronic structure
of €0 and CO* and briefly summarizes the results of numerical calculations.
Elements of molecular orbital theory and definitions of terms used are
given elsewhere [200, 250, 172). Abbreviations used include: IP,
ionigation potential; MO, molecular orbital; LCAO, linear combination
of atomic orbitals; CI, configuration interaction; SCF, self-consistent

field; a.u., atomic units (=27.210 eV).




2.1 Electronic Structure
The relative order of the molecular orbitals for CO is as follows

(46, 171, 168, 109, 173]:

(a) ols <o*ls <g2s <¢*2s <n2p =m2p <gp <M ¥ =mF <GP

(b) K K 7g Yo wIT Xo vm g
(¢) 1o 20 30 Lo 1n 50 2n ba
inner inner b. a.b. b. a.b. a.b. a.b.

fyidital designation (a) specifies the atomic origin of the MO's; designa-
tions (b) and (¢) in current use, do not. The bonding character of the_
orbitals is specified above as: bonding, anti-bonding, or non-bonding.
lo and 2g orbitals virtually retain their purely atomic character and are
often called K or inner orbitals. 3g is primarily 0(2s); 4o is a mixture
of ¢(2s) and 0(2p), though the actual ratio is a function of r. The 5¢
(s1lightly a.b.) and 1m orbitals have similar energies and can be expected
Lu have Lhelr order reversed at some vaius of 1o
have similar MO's and roughly similar sequence of MO's, as is the case

for CO and N; up to about 11 eV. At higher energies this

similar order is destroyed.



The assignment of the electronic structure and dissociation products
of a number of states of (0 and cOY has been given by Mulliken [168]. The

ground state configuration is
15+ X
X2 (1r)z(u~)7'(36‘)1(%);(177')"(:67

An examination of the ionization process from successively deeper lying
orbitals shows why only three states are known for C0". This is summa-

rized below:

Electron Ionic
ionized state 1.P.(eV)
5g ). G 14.013
1m AR, 16.536
ko Bz 19.675
30 s {3 [109, 173]*

The ionization of the 3¢ electron has not been observed. There is
some evidence for a state of CO" at 25.6 eV(£0.5V) from electron impact [151]

and photoionization [270] studies. (This has been called the Cst state,
but it does not correspond to the removal of a 3o electron). Codling

[42] has recently observed structure in the 500 A region which appears
to include a Rydberg series whose convergence 1imit lies above 20 eV.
By analogy with N,* the electron configuration of this limiting state
may result from a two-electron excitation. States of CO®*, detected at
1.8 eV and 45.7 eV in electron impact experiments, (55, 263] have not
been observed spectroscopically. Hurley and Maslen [111] have calcu-

lated the lower state energy to be 41.17 eV.




Kaplan [126] has reported a state of unknown type at about 4.8 eV
above X. The reality of a state of CO at this energy 1s, however,
highly questionable [168, 99, 187].

Ground state atoms C(®P) + 0(3P) give rise to 18 possible electronic
states of CO (Table 2). Only eight of these have been observed: X'y,

3

a’ll, a3p,, ey, a'®Z", £°%", A, and I'¥"; all the others are probably

weakly bound or repulsive, though the '4 state might be slightly stable

(167]. However, a (YIMM) or (1p01) perturbation at low J in A, v = O,
1 at about 8 =V can only come from a stable state [44, 71, 216]. There-
fore, if real, these perturbations would most likely arise from one of
the unobserved states. A possible (A 2p) perturbation of the d state
indicates the presence of a ! p state at about the same energy [137].

By analogy with N, such a state would lie at about 9 eV.

For the higher energy excited molecular states beginning with C*g¢',
at least one excited atom is required in the dissociation products,
since the electronic energy alone exceeds the heat of dissociation into
ground state atoms. In the case of singlet states of CO not formed
from ground state atoms, both atoms must be excited. Table 1 is a sum-
mary of the known molecular constants and includes the assigned electron
configuration and dissociation products where possible, for the observed
electronic states. Table 2 gives the lowest lying configurations and

possible molecular states, with the observed states indicated.



Mulliken [171] has recently compared the observed lower excited
states of the mm configuration with those predicted for CO. The d-
state of (O was proposed to be a case (b) mm 3A in disagreement with
the earlier experimentally determined assignment as d@®M,. Carroll [40]
experimentally confirmed Mulliken's assignment of the d state as 34,
but definitely established it to be inverted. A ™ configuration gives
rise to a sAr state in the usual approximation. A theoretical interpre-
tation of the anomalous multiplet splitting in the d® A term has been

given by Kovacs [137],

The ®m states are: %%, I'y, *a, a'3y", €®T, and d°p;. Recent

238a]
information [lOOn/indicates the I state lies at about 66000 cm ', and the

o state at about 63000 cm. The !p state and ' remain unobserved.

2.2 Numerical Calculations
A. Semiempirical
Semiempirical studies have provided a qualitative understanding of
several properties of the carbon monoxide molecule. The triple bond for

the ground state has been accounted for by Sahni [217], Mulliken [170],
ard Linnett [152]. (See also Ref. [154]). Moffitt [164] has correlated
the decrease in bond length for states of CO and CO* with increase in

in T-bond order. Sahni [217], with neglect of 1ls electrons and the use
of many approximate integrals, has derived individual and total orbital

electron densities which are shown in contour diagrams. The lowest ioni-
zation of G0, that is, removal of an almost non-bonding electron from
the 5g orbital, has been shown loosely equivalent to removal of an electron

from the carbon atom [217, 170, 152]. Indeed, the dissociation products
of the ground state of 00 are C* + O.
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R. Single Configuration

Several calculations for CO have been made using single configura-
tion LCAO-MO-SCF wave functions. Ground state energles have been calcu-
lated by Ransil [199,200] and Hurley [110] using functions constructed
from minimal basis sets. Merryman et al. [159] and Brion and Moser [29]
have calculated excitation energies for a number of states from similar
functions. For states lying above 9 eV the calculated energies are too
nigh. To deseribe such states it is necessary to include more than one
configuration or to introduce atomic orbitals of higher quantum number.
Lefebvre-Brion et al. [146] have compared the vertical excitation

energies calculated from SCF functions built from extended basis sets.

Calculated values agree fairly well with experiment, even for states

lying above 11 eV.

The most accurate wave functions for the ground state of CO have
recently been reported by Wahl and Huo [265] and Huo [109]. Huo has
calculated single determinantal SCF wave functions from two extended
basis sets, including one built by extending the basis set necessary
for obtaining accurate Hartree-Fock functions for the atoms. The cal-
culated value of the total molecular energy is -112.7877 a.u. This
result was obtained from a minimal basis set supplemented by i“%,;

’ / , ’ ’ ’ 4
15,7 2s)) 25’ epn’ zen " azpe) 2pe_, 3de, 3de
<

o) < o / e ) <)

3J1r°) 3dT_ zem ", wdm 35, awd 15,
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Expectation values of a number of one-electron operators were cal-
culated, including the dipole moment whose polarity was determined as
C'0™. in disagreement with the reverse assignment given by Rosenblum,
Nethercot, and Townes [215] from microwave experiments. Huo [109] and
Nesbet [173] have independently concluded that more accurate SCF func-
tions should not change the sign of the dipole moment, and that the
polarity should be considered undetermined.

Nesbet [173] has calculated SCF functions for the ground state of
CO using a double exponential basis set with optimized exponents for
each occupied atomic orbital. This basis set appreciably lowers the
total energy but makes only a small change in the binding energy from
that using a smaller basis set. The addition of dg and dm orbitals
makes only a small change in the total energy but makes a larger

improvement in the binding energy.

12




C. Configuration Interaction

Configuration interaction has been used to calculate the correlation
energy [experimental total energy — Hartree-Fock energy]. Combined use
of extended basis sets and CI results in improved values of excited
state energies and gives lower calculated totsl energies. Lefebvre-

Brion et al. [144] have found that use of a basis set which includes

functions from the M shell (3s and 3p) with Slater exponents improves
the calculated vertical excitation energies more than does doubling the
nmumber of L shell functions. By using orbitals constructed from a
minimal basis set and including CI they have also [145] calculated
potential energy curves for a number of states. These include repulsive
%I and ' states which lie at 11.5 and 12 eV, respectively. The latter
value agrees with the vertical excitation energy of the F state and
suggests that the F state is not 1ll. [See also Ref. 146]. The very
sketchy data in Section 5 suggest that the F state mey be triplet.
Lefebvre-Brion [147] predicts the state to be !g* (Table 1).

Fraga and Ransil [66] have calculated the molecular energy and
dipole moment for the ground state of CO using a limited CI with minimal
SCF wave functions. Even with 14 configurations (having the same sym-
metry as the ground state) Ecalc - Egbs is about 27 eV. These results
indicate the need [66] to include MO's with different ) values and
atomic orbitals of different 4 values from those utilized in the ground

state.
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2.3 Rydberg States and Rydberg Series
The observed Rydberg states in CO (Table 1 Supplement) are most
probably singlet, and either Il or 5", since they have all been detected
in absorption series. There may exist others which do not combine with
the ground state and could be observed in emission, but to date none
have been reported. The electronic structure of the states considered

is given below:

Configuration Possible Rydberg states Convergence limit [CO*]
O‘(RO') lgv, 3%*
X, B
O’(RTT) 1H, 3H
TTS(RO') 1n9 3H1
A
TTS(RTT) 124” 12—, lA’ 324—’ 3'?2', 3A

For the most likely Rydberg orbitals npm or npc)the most likely
states are 1 or ¥. Huber [106] believes that the states converging to
the X and B states of CO* are '3 and the o states converging to ARTL,
are 1, all having Rydberg orbitals npg. Tanaka [254) has speculated
that the sharp B series is composed of 'y states and the diffuse B
states are 'Tl. With present knowledge it is not possible to specify

uniquely their symmetry types.

14




Rydberg states with orbital n dissociate into atoms at least one of
which is configurationally excited (i.e., having principal quantum num-
ber greater than in its ground state, (n-1) =3). Huber [106] suggests
that the dissociation products of series converging to states X and A
are C(n-1)s(®p°) + O0(®P), and states converging to B have products
C(n-1)s(*P°) + 0(1 D).

Lefebvre-Brion, Moser, and Nesbet [147] have recently calculated
the energies of Rydberg levels of CO which are of symmetry type !»3%*
and 19371 ard lie below the first ionization potential. The calculated
energies fall within 0.2 eV of the observed values for the By,
Cty", b3y*, and 3% states which probably belong to Rydberg series con-
verging to the ground state of (0. The configuration interaction func-
tions used were built from LCAO-MO-SCF orbitals used previously (146,
148] for calculations on the ground state of (0, but with extended basis
sets.

The deviations between these calculated energies and experiment
indicate that the E state is 'Il, and the F state may be '3". The E state
assignment has been confirmed experimentally by Tilford et al. [257];
the tentative assignment of the F state as 'y is untested. No 31
Rydberg levels of €O have been observed to date. Codling [42] has
recently observed Rydberg series converging to what may be a new state

of 00* above 20 eV, but the symmetry and type of Rydberg levels have

not been identified as yet.
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3. ELECTRONIC SPECTRUM OF CO AND QO*

The spectral region 8600-600 K includes all the presently known
electronic transitions of CO and CO*. Intense systems span most of the
region between 7500-1100 K. From 3800 K to longer wavelengths are found
the B-A Kngstrom bands and the d-a Triplet system, the latter system
composed of many bands, only four of which have had rotational analysis.
Between 7200~3000 Z is found the A-X Comet Tail system of 0%, the most
prominent system of the ion. From 3800-2600 Z is the b-a Third Positive
system which is most important because of the most violent perturbations
and predissociation of the b state. The A-X Fourth Positive system
dominates the region between 2800-1140 K, though the shorter wavelength
bands are rather weak. Below 1200 X are found, in general, weak systems,
mostly very sketchily known, for which no rotational analysis is avail-
able. In total 29 transitions are found among the 23 known states of
0. Three states of CO* partake in three observed transitions. Details
of the observed transitions are discussed below, including the deter-
mination of vibrational and rotational constants, multiplet splitting,
and coupling cases of the electronic states. The critically evaluated

data pertaining to these transitions have been tabulated in Section 12.
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+ [}
3.1 A'M-X's" Fourth Positive System (2800-1140 A) R

+
The AlH—Xlz Fourth Positive system, originally attributed to car-

bon, is the most prominent system of carbon monoxide in the ultraviolet
and vacuum UV regions. The single-headed red—degraded bands of this
allowed transition are about a thousand times stronger than those due
to forbidden transitions which they overlap. Wavelengths cf more than
150 emission bands which have been observed in the region 2800-1280 K
are ascembled in Table 3a. Included among these are early measurements
by Lyman and Deslandres of 30 band heads whose vibrational assignments
are due to Birge [23], and which have not been reported by anyone else.
Band origins for this system are given in Table 4. Rotational constants
for the X and A states are given in Tables 36 and 37, respectively.
Positions of a number of unidentified bands have been assembled in Table
35a. These have been observed together with the A-X system and possibly
belong to it.

Attention is focused on the A-X system by the‘numerous perturbations
of the AlH state, a detailed discussion of which is given in Section 4.1,
The recently observed Ilz_ state was first identified from its interac-
tion with the A state. Several predissociations of the A state have
been reported which have led to conflicting values of the dissociation
energy of CO. Reexamination of these by Douglas and Mgller [56] has

shown that none of them are real.
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The work before 1926, including the earliest band head measurements
by Deslandres and Lyman, was discussed and analyzed for the first time
by Birge [23]. All observations prior to that date were in emission,
except for Leifson's [149] observation of the strong v"=0 progression
(with v' = 0 to 11) in absorption. The vibrational analysis of this
system [23, 22] and the correlation of Lyman's emission bands with the
absorption bands of Leifson showed that they were due to neutral CO.
This an energy level diagram could be drawn with the lower state of this
system established as the ground state.

Estey [60] remeasured part of the A-X system in the region 2800-
1970 X, and observed 16 new bands which involve high vibrational levels
of the ground state. His source was a low pressure discharge, viewed
with a quartz spectrograph having dispersion 3.91 X/mm - 1.2 K/mm.

Each band clearly shows a single P, Q, and R branch as 1s expected
for a lH - 12 transition. Less extensive band head measurements by
Wolter [277] agree with those of Estey to within 0.1 2.

Headrick and Fox [90] measured bands in the region 2170-12833,vusing
a one-meter focal length vacuum spectrograph. Several new bands were
reported, mostly at shorter wavelength. The source was a low voltage arc
in CO at 0.5 mm pressure with a trace of hydrogen. Wavelengths obtained
from the use of two different standards agreed to within 0.2 K, and are
close to the values of Estey [60] where they overlap near 2000 K. Dis-

o]
persion was 17.4 A/mm. Intensities, originally given as densitometer
readings, have been converted in this report to a scale with the maximum

[o}
reading taken as 10. In Table 3a, for the bands above 2000 A,othe in-
tensities are those given primarily by Estey [10]; below 2000 A, the

intensities are those of Headrick and Fox [90]. Several strong unidenti-
fied bands at short wavelengths have been included in Table 35a.
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Read [209] has given the vibrational analysis of 65 heads, observed
in a hollow cathode discharge in flowing 002, and viewed with a two-meter
focal length vacuum spectrograph with dispersion of 4.2 K/ﬁm. In addi-
tion, he resolved the rotational structure for 12 bands, but details

only of the 1-1 and 4-10 bands have been published [209b]. This was

the first rotational analysis of bands involving the ground state of 0.
A-doubling was found to be negligible, as had been determined from
egrlier studies of the Blz —Alﬂ Angstrom bands.

A formula was obtained which fit the newly reported band heads as
well as those of Estey at longer wavelength:

oH(v‘-v") = 64756.3 + (1497.49 v' ~ 17.1841 v'3) -

(2155.61 v" = 13.2843 v"2 + 0.012 v"3) - 0.0804 v'v"
The derived vibrational constants are very close to the best values
listed in Table 1.
The papers of Estey [60], Headrick and Fox [90], and Read [209]
include almost all of the emission band head measurements of the A-X
system. Shortly after their publication there began to appear extensive

rotational analyses, mostly by Schmid and Gerd.
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In a Geissler discharge in CO,, Gerd [73] observed a series of
bands in the region 2700-1950 X. Numerous perturbations were easily
recognized in all branches. Using a 6.5 meter focal length grating
with dispersion of 1.2 K/mm, he obtained the rotational structure of
the 4-11, 5-13, 6-15, 7-16, 8-17, 9-19, 10-20, and 10-21 bands. Gero
further reported [74) rotational structure for the 9-18, 11-20, 12-22,
and 13-24 bands, and, in addition, gave a Deslandres table of 84 band

origins calculated from the band heads with a positive correction of

(B'+B")
A(BI_BII)

, making use of previous data [209, 73].

Table 4 gives an extensive list of band origins which includes
several additions of low accuracy which supplement the Deslandres table
of Herzberg [99, p. 156-7]. Herzberg's table is mainly that of Gerd
[74] with slight modificatiors and numerous additions of low accuracy.
The A-X system origin is at 64746.5 em ™t [209].

The heads of the 14-23, 15-25, and 16-25 bands listed by Estey [60]
deviate by +13.2, +14.8, and +21.7 cm_l, respectively, from Read's
formula. Gerd [74] believed that the appearance of these bands was due
to accidental accumulation of lines, where strong overlapping is ob-
served. The first of these heads lies close to a band reported by
Kaplan [125] at 2518 Z, and the third lies close to a band of the 3A
system (c-a). Gerd concluded from this evidence that the v =13 level

of the A state was the last before dissociation. However, Tanaka,

Jursa. and LeBlanc [255] have since observed the A state to v = 20.
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Schmid and Gerd [228] reported the measurement and rotational
analysis of many bands by Kelemen [in a dissertation], including 1-8,
2-9, 2-10, 3-9, 3-10, 3-12, 4-10, 4-12, 4-13, 5-11, 5-12, 5-14, 6-13,
6-14, 7-14, 7-15, 7-17, 8-16, 8-18, 8-19, 9-17, 9-20, and 10-19. From
these data and those of Read [209] and Gerd [73, 74])they obtained
formilas for the rotational constants for both the X's' and ATl states.
Sehmid and Gerd [228]suggested that Read should have included a higher
power of I in his expression for FV(J), which would have resulted in
slightly larger Bv values. The calculation of Bv for the strongly
perturbed A state follows the method of Gerd [71]. Least squares fitting
to the observed data gives for AlII:Bv = 1.6116-0.02229 (v + &) -
0.000105 (v + %)% (Table 1). Brons' [31] rotational analysis of the
10-19, 10-20, and 10-21 bands gives BiO’ B£9’ BEO’ and Bgl’ slightly
smaller than the values of Schmid and Gero [228].

Tschulanovsky and Stepanov [262] have given the rotational analysis
of the 3-8, 3-7, 2-8, 2-7, 2-6, 1-6 and 1-5 bands, including the determina-
tion of rotational constants and a discussion of various perturbations
of the A state. Twenty-four bands were observed with a dispersion of
2.4 X/mm (with resolution of lines separated by 0.07 K), and details of
the three best are given. Branches were observed up to J values of 35.

The three test bands for analysis were 3-8, 2-7, and 1-6. The R branches

were measured very inaccurately and their details are not given.



Onaka [182] has looked at the 6-13 and 6-14 bands with a vacuum
echelle spectrograph of high resolution (~ 170,000) and high'dispersion
(0.30-0.26 A/mm). Earlier attempts at analysis of the lower rotational
levels in AlH, v = 6 was prevented by the complicated structure due to
overlapping of the v = 6 level by levels of the d3Ai and a‘32+ states.
Several perturbations were found (see Section 4.1). The lines of the
6-1/ band are not given. A formula for the rotational structure of the

v = 6 level is given by Onaka from an unpublished work on the Fourth

Positive system:
1oy =
T ¢ (W) = 74197.44 + 1.4616 J(J+1).

Tanaka, Jursa, and LeBlanc [255] reported on the absorption spectrum
of the Fourth Positive system in the vacuum UV for the first time since
the pioneer work of Leifson [149], and of Hopfield [103] and Hopfield
and Birge [104]. Using rare gas continua as sources, Tanaka et al.
observed new bands and extended known bands to shorter wavelengths, all
under low resolution, covering the spectral region of 1177-1544 X. The
(v'-0) progression was observed for v' = 0 to 20; also the (v'-1) pro-
gression for v' =0 to 13. In addition, the isotopic 013016 band pro-
gression (v'-0) was observed up to v' = 17 (not including 16). Tansaka
et al. used pure 0O in an 8-cm long absorption cell, at pressures of
0.01 to 600 mm of Hg. The spectrograph used was a two-meter focal
length normal incidence type with a dispersion of about 8 K/mm. The
absorption band positiins are given in Table 3b; the observed isotopic
bands of 013016 are given in Table 5. Several unidentified bands which

were found are given in Table 35b.

22




McCulloh [157a] and McCulloh and Glockler [157b] first studied
emission by 013016 in the positive column of an uncondensed discharge
at low current density in flowing 002 in the spectral region of 1900-
6500 K. They reported vibrational analysis of 35 bands of the Fourth
Positive system and rotational analysis of bands in the (O~v") progres-
sion of the Angstrom system (Bli+ - AlH). Band origins were obtained
from the head measurements by using rotational constants of Schmid and
Gero [228] and the equations for the isotope effect. Low resolution
precluded rotational analysis. The observed emission heads and origins
are given in Table 5.

McCulloh and Glockler [157b] believed that Read's [209] vibrational

formula for the ground state was good for higher vibrational levels
of 012016. However, they assumed that his results were unduly influenced
by errors in the short wavelength heads due to poor standards, and
were not consistent with more recent infrared measurements. Hence,

they fitted molecular constants for the normal and isotopic species
which represented both Read's data and the infrared data of Lagemann

et al. [139]. Slightly different constants have recently been calcu-
lated by Benedict [17] to fit the most recent infrared data as well as
that for the A-X system. (See Table 1). Vibrational constants for the

13O16 were obtained [157] from Read's values for the

Al state of ©
normal isotope and the ratio of reduced masses. These, together with

values for the isotopic B state)are given in Table 47.
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High dispersion absorption spectra in the‘vacuum UV region have
recently been photographed by Herzberg and Bass [100], and by Wilkinson
and Tilford [276]. Several previously unobserved transitions are in-
cluded in these studies, as well as bands of the v" = O progression of
the A-X system up to v' = 20, some bands of the v" =1 progression, and
also isotopic (013016) A-X bands. The rotational analyses of these
bands should provide definitive values of the rotational constants for
the ATl state and precise vibrational quanta for this state [238a].

3.2 B12+-A1H Angstrom System (6620-4120 X) v

In 1875, Angstrom and Thalén [See Ref. 23]Sobserved a group of
bands which became known as the Second Positive system of carbon. Fifty
years later, analysis by Birge [23] showed that this system, which now
bears the name of Kngstrom, arose from the allowed transition Blj+—A1H
in carbon monoxide. This system has been a fertile ground for study
because of the numerous perturbations and suspected predissociations of
the A state. These single-headed violet-degraded bands have also been

13016

observed for the isotope C . Band heads and origins for the normal

isotope are given in Table 6; the isotopic (013016) heads and origins
are given in Table 7. Rotational constants for the A and B states are

given in Tables 37 and 38, respectively.




Included amcng the original observations were weak tands -t 450l ..
and 4581 & which were later identified [23] &s possibly belonging to the
v' = 2 progression but which lay to wavelengths longer by more than 10 K
from the expected head positions. Johnson and Asundi [121] believed
that these two bands belonged to another system. Only one other band
with v' = 2 has been reported [255], but its identification is also
uncertaln since the B state is predissociated in levels v = O and 1 and
presumably also in v = 2 at J = 0. Another uncertain band, included
as 0-6 by Birge [23], lies about & & to longer wavelength from its
expected position. A band observed by McLennan, Smith and Peters [15%]
at 7246 K, has not been reported elsewhere.

The first rotational quantum analysis of the 0-1, 0-2, 0-3, and
1-1 bands was made by Hulthén [108]. The 5610 K band was the strongest
observed)and incorrectly assigned as the 2-2 band. The correct vibra-
tional quantum assignments are obtained by reducing Hulthén's v' by 2
and raising his v" by 1. Bands were also observed at 6078 Z, 6622 K,
and 4511 Z, but the structure of these could not be determined at that
time.

Jasse [115] has given the rotational analysis for the 0-0 and 1-0

bands. His source was a high voltage electric discharge in O, at low
spectrograph
pressure. Spectra were taken using a grating/of 3.25 meter focal length;

o
claimed precision is +0.C1 A. Hulthén [108] and Jasse [115] believed
that the structure of the 0-0O and 1-O bands was more complicated than the

others of this system, having two additional branches. Birge [23] believed
that the additional branches were probably spurious, while Johnson and
Asundi [121] thought that the additicnal branches might originate from
overlapping lines of C,. Later, more accurate work by Rosenthal and
Jenkins [216], and Schmid and Gerd [224] indicated that perturbations of
A'Tl, v = O were responsible for the confused structure of the 0-0 and 1-C

bands, resulting in displacement of the band heads from their expected
positions. 2



Johnson and Asundi [121)] observed the 0-O and O-1 bands in the first -
spectrograph

order of a 21-foot focal length grating/(supplanting Jasse's measure-
ments), and re-evaluated constants from Hulthén's data [108]. They also
gave the first preliminary evaluation of the fine structure of the 0-4
and 0-5 bends with details given by Asundi [5]. Referring to Jasse's
analysis of the 4511 & band, they considered e lines at 22172.3 cm —
and 22175.7 cm-l as extraneous to the band. Also they relabeled the
line at 22171.8 cm © as Q (1).

New measurements of fine structure of the 0-0, 0-1, 0-2, and 0-3
bands were made by Rosenthal and Jenkins [216] primarily to study per-
turbations, though the results are not completely reported in this work.
(See Section 4 on Perturbations). It was found that Jasse, and Johnson
and Asundi, did not correctly identify P and R lines above J = 8 and Q
lines above J = 10 because of the large increase in A-doubling in the
region of a perturbation. [See Fig. 1 of Ref. 216 - the difference
between the R and Q deviation curves]. Corrections to Jasse's assign-
ments for severallines of the 0-0 band were made [216].

Coster and Brons [44] have given the rotational analysis of the
0-0, 0-1, 0-2, 0-3, and O-4 bands in order to interpret the perturbations
of the v =0, 1, 2, 3, and 4 levels of the Alﬂ state. Their discharge
tube produced strong Angstrom bands relative to the background of OO2
bands. A value ong(O—O)for the system of 22163.1 cm_1 was obtained.

171.3 cm_l). (See also Section 4.1).

N
N

Herzberg [99] lists
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Schmid and Gerd [224], from observations in second and third order
spectrograph

using a 21-foot focal length grating/?gave improved measurements of the
0-0, 0-1, 1-0, and 1-1 bands. They obtained rotational constants for

l + . 92 L 1y ‘1
the B'L state, and in addition, AG(%) = 2082.07 cm —.

McCulloh [157a] and McCulloh and Glockler [157b] have reported the

0 13,16 . . ‘s T
B-A Angstrom bands due to C 70" emission in the positive column of an
uncondensed discharge. The perturbations in the Alﬂ state are discussed
at some length [157a] (see Section 4.1) and details are given of the
rotational analysis of the 0-v') progression including the 0-1, 0-2, 0-3,
O-4, and 0-5 bands, and the 1-1 band. The 013016, 0~0 head lies to the
red of the C'%0'® head. Overlapping by Third Positive bands (b5 - a°0)
prevented rotational analysis of the 0-5 isctopic band. Overlapping of
regular and isotopic bands required O-1 branches to be identified by a
method analogous to the Loomis-Wood method (see pp. 191-2 in Herzberg
[99]). For the 0-2 band there is almost complete superpositicn of the P
and R branches such that R(J) ~ P(J+10). The region beyond the tail of
this band and also the 0-3 band is quite free from the general background
caused by CO, bands. Therefore, these bands are useful when searching

+
for predissociation in the Blz state. The O-4 band has a near super-

position of the P and R branches.
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Since only one v" progression was analyzed no information can be
obtained about the vibrational constants of the Bli+ state. (See Schmid
and Gerd [224]). Values for w, and W X, for the isotopes 012016 and
013016 were approximated from a study of the isotope effect. The ab-
normally large value of WX, for the B state suggests probable rapid
convergence of levels. An experimental test of this point is impossible
because of the predissociation affecting all vibrational levels in the
B state above v = 1.

Douglas and Mfller [56] have photographed under high dispersion

13016

and analyzed the O-1, 1-1, and 0-2 Angstrom bands of C . The bands

were observed in a discharge through O, in a tube containing carbon,
spectrograph
using a 21-foot focal length grating/with a reciprocal dispersion of
[e]
2.5 A/mm. Their primary aim was an examination of reported predissocia-

tions of the 012016 and 013016 molecules (see Section 5.2).
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o]
3.3 Cli+ - Alﬂ Herzberg System (5710-3680 A) V
+
The C's' - A'll Herzberg system, which partly overlaps the B-A Ang-

strom system, consists of eight observed bands of the v' = O progression

No bands have been observed with v' > O. This suggests that there is
either predissociation for v' > 0, or that a weak transition is expected

from the Franck-Condon principle. Table 8 lists the heads and origins
of the C~A system. The rotational constants for the Cli+ state are
given in Table 39 and those for the AlH state in Table 37. Three bands

of this system were first observed by Duffendack and Fox [58] who thought
that the new bands belonged to the ingstrom system because of their

similar structure. Herzberg [97] observed eight bands and recognized
these as belonging to a new system whose upper state he incorrectly
designated as lA, by analogy with the Grotrian diagram for the Mg atom,

as was done at that time, following Mulliken. The new level lay between

the Blz? and C32+ states.

Asundi [3] and Asundi and Johnson [121] °bs§5§§€r§§¥gp°l’ 0-2, and
0-3 bands using a 21-foot focal length grating/in first order (wave-
lengths of the stronger lines are believed accurate to within 0.0l K).
Fine structure analysis showed the C state to be 12. The Q branches were
reported to be twice as strong as the P and R branches. For the AlH
state there is no combination defect up to J =17 (limit of observations
here)’indicating no appreciable A-doubling to high rotational quantum
numbers. This is so for v' =1 to 5, not for v' = 0, for which combina-
tion defects occur from almost the lowest J values. [See Ref. 224].
For the 0-0 band, only the calculated position is given, because of
confusion with a band associated with the Third Positive system of CO
(b°g" - aol). A band reported by Deslandres at 3893 A which Wolter [277]
did not observe is the O-1 band of the C-A system.



Schmid and Gerd [224] observed the 0-0, 0-1, 0-2, 0-3, and O-4 bands
a
of the C-A system. From the rotational analysis/%value of B ' of 1.9422

cm_1 is obtained.

o]
3.4 Hopfield-Birge Systems (1810-950 A)

+, 8 1
a. By, s, £, r(YED) , (i),
and by - X,

In 1927, there appeared preliminary reports by Hopfield [103] and
Hopfield and Birge [104] concerning the observation of seven band systems
of CO both in emission and absorption. These transitions, all going to
the ground state, included four whose upper states had not previously

32+, ElH, F(12+), and G(lﬂ). Strongest absorption was

been recorded: a'
to the highest lying levels (G, F, E, C). Full details of this work have
never been published. Though several of the bands have since been ob-
served elsewhere, only the a'3ﬁ+ - xlzf system has been studied in
detail [101] and will be discussed in Section 3.4b. The other six
transitions will be discussed together since the information about theﬁ

is so sketchy.

The observed band heads of all seven systems are given in Table 9.
The rotational constants for the B, C, E, and b states are given,

respectively in Tables 38, 39, 40 and 43.
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Read [209] observed several emission bands belonging to the B-X,
C-X, and E-X transitions. Tanaka et al. [255] have seen some of these
in absorption. Since the Be values of the three excited states and the
ground state are roughly the same, each band had the éppearance of a
doublet with a clear center under low resolution. Identification of the
B-X, 2-0 band [255] is rather uncertain.

Recently, Tilford et al. [257] have identified the E state as “II
from analysis of the violet-degraded 0-0, E-X band observed in absorption
under high dispersion. This identification confirmed the theoretical
prediction by Lefebvre-Brion et al. [247]. A-doubling is about 0.2-0.3
cm_1 for J ~20. (The J' = 31 level is perturbed). The isotopic (013016)

0-0 band was also analyzed. (Table 40).

a'3 M

(o]
b. st~ xlst (1810-1280 ) R

0f all the band systems of 00 which were originally observed by
Hopfield and Birge [103, 104])on1y the dipole forbidden a‘3ﬁ+ - X12+
system has been extensively studied (by Herzberg and Hugo [101]). A long
progression of bands has been observed up to v' = 23, because of the
large difference in internuclear separation between the two states in-
volved. The upper state of this system is responsible for many pertur-

32+, and aBH states.

bations of the AlH, b
The band heads and origins of the a'- X system are given in Table
10. The rotational constants for the X and a' states are given in Table

36 and 41, respectively.
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Five bands of this system were first reported in absorption by
Hopfield [103] with the one at 1696.9 Kdesignated as the 0-0 [104]. On
the basis of an additional band found by Birge at 1731.2 K, Estey [60]
raised the vibrational quantum numbering in the a' state by one unit.
The final assignment was deduced by Beer [16] from rotational perturba-

32+ - a3H Third Positive bands caused by the a' 32+ state.

tions in the b
This raised the quantum numbering of Hopfield and Birge by three units.
Recently, only two papers have dealt with this system [255, 101].
Tanaka, Jursa, and LeBlanc [255] have seen a long pfogression of these
single~headed red-degraded bands under low resolution. Because a short
absorption cell was used, the 0-0, 1-0, and 2-0 bands were not observed.
Herzberg and Hugo [101] observed this progress in absorption under high
resolution in the region 1810-1280 X. These forbidden bands were photo-
graphed in fourth and fifth orders of a 3-meter focal length spectrograph,
with reciprocal dispersions of 0.63 and 0.50 X/mm, respectively.
In most of the bands [101] all four predicted branches, i.e., PP,
PQ, RQ, and RR, are observed and give the appearance of a doublet
a'3

structure. The order of the sublevels of the 2+ state is given as

F3 > F1 >> F2.

The triplet splitting for the a' state is approximately constant for
N > 5. [N was formerly called K}. A discussion of splittings for N < §
determined from other bands has been given by Gerd and Lorinczi [80].
The sum of splittings [2\ + y] in corresponding members of the P and R

branches is approximately constant, with small change of A with v.
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The rotational analysis results in the following formulas for the
a! s’ state.

o, = 55822.92 + 1230.651 (v'+3) - 11.013 (v'+3)2

+ 0.07378 (v'+3)® - 0.00115 (v'+3)* - 1081.59

[Ref. 101 used 1081.74 for the ground state zero-point energy].

- 0.0000051 (v+3)°.
D' was found to be about 6.5 x 10_6 and varied little from v' = 2 to

23.

Only a perturbation in v' =4 at approximately J = 20 was observed.
The perturbing level is aBH, v =7, which has not been observed directly.
Other perturbations which occur at high J (due to Alﬂ, aBH, and b3ﬁ+)

were not observed.
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3 1+ o
3.5 a°ll - X' Cameron System (5800-1770 A) R

The a3H - Xli+ transition consists of quintuple-headed bands,
degraded to the red, covering the spectral region 5800-1770 R. This
forbidden intercombination system is overlapped by the B2ﬁ+ - X2i+ First
Negative bands of CO+ and the A-X system of 00. Theory ascribes six heads
to these A-X bands [23], but no one has observed more than five. Recent

high dispersion measurements by Rao [201] have provided an accurate

value for the vibrational term interval AG (%) of the a1l state, but

there is still lacking an accurate value of wexe.The observed band heads
of the a3H - Xlzf transition are listed in Table 11, the origins in
Table 12. Rotational constants for the a3H state are given in Tablg 42,

The band system bearing his name was first observed by Cameron [39]
in an uncondensed discharge in neon with a trace of (0; the following
year it was seen in absorption by Hopfield and Birge [104]. Johnson
[119] first identified these bands as due to transitionsfrom the lower
statesof the Third Positive system to the ground state of 00, and
assigned vibrational quantum numbers to the bands. Knauss and Cotton
[131] also observed these bands at low pressure in an electrodeless
discharge in O.

Schmid and Gerd [232] observed the 4~8 band in a Geissler discharge
in neon. Because of the coincidence of one head of this band and the .
intense red-degraded band reported by Kaplan [126], Schmid and Gerd
believed that the 1level reported by Kaplan at 38820 cm"l above X was -

not real. (See Footnote (K) of Table I.)
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Herman [94] reported selective excitation of the a=X system between
5000-2000 Z in a feeble discharge through (0 at low temperature. Details
are not given except for mention of the R2 (or QB) heads of the 2-4 and
0-1 bands, at 2299 K and 2159 X, respectively. Comparison was made

between the R1 and Q2 heads calculated from vibrational constants given

by Johnson [119] and the faint low dispersion measurements of the night
sky by a number of authors. The apparent agreement for a number of
bands suggested to Herman the possible presence of the a-X system in
the night sky. No other mention has been made of such correlation, and
this agreement may be fortuitous.

Recently, Tanaka, Jursa, and LeBlanc [255] observed the v" = 0
progression in absorption under low resolution. Unlike other inter—
combination bands observed by them, this progression did not develop to
high v' because of the Franck-Condon principle. [Note that Ref. 255
lists vacuum wavelengths].

The first high dispersion measurements of this system in absorption
were those of GerS, Herzberg, and Schmid [79] who gave the fine structure
analysis of the 0-0 and 1-0 bands. This was the first example of analy-

sis of the fine structure of a 3H -lz transition. At least for large J

the a’ll state is close to Hund's case (b). Thus the quantum number N
(formerly K) has meaning for the rotational levels of both upper and
lower states in this transition. Two equivalent notations of the nine
branches are given below:

P R P

1 Ql 1 2 Q2 R2

% Po & B Q R % Ry SR,
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The combination differences which give AlFl for the BHO component
of the a state do not coincide because of the very strong A-doubling of
this component.

Gerd [76] used a Geissler discharge in neon with a trace of (0 to
excite (in emission) the a-X bands and, weakly, the A-X system. His
close examination of the work by Gerd, Herzberg, and Schmid [79] revealed
the use of two unreliable standard iron lines by Schmid and Gerd, which
accounted for a discrepancy in their wavelengths. Gerd tabulated the |
rotational lines for the 0-0, 0-1, 0-2, 0-3, 1-3, 1-4, and 2-5 bands.

The most precise measurements of the a-X system have recently been
made by Rao [201] who has given the rotational structure of the 0-0, 0-1,
0-2, 0-3, 1-3, and 1-4 bands seen in a Geissler discharge. A 2i-foot

spectrograph
focal length grating/was used in fourth and fifth order, with an iron
arc providing a comparison spectrum. Errors in the combination differ-
ences for the 0-1 band by Gero were clarified. Relative accuracy of the
line measurements [201] is estimated to be *0.003 Z. (A reproduction of
the 0-1 band is given in this reference.)

Rotational constants for the ground vibrational levels are close to
those obtained from infrared measurements. Derived values for vibra-
tional quanta for the ground state are the best available from electronic
spectra of (0, but are inferior to those determined from infrared mea-
surements. A value of 1714.61 cm--l is obtained for the vibrational
quantum AG (%) for the a state, confirming the value obtained previously

[79].
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3

(o]
3.6 b5 - all Third Positive System (3820-2660 &) V

"
The Third Positive system of carbon, is composed of strong

quintet-headed red-degraded bands whose structure is characterized by
intensity fluctuations due to perturbations of the upper state. Since
the upper state is also predissociated,only the v' =0 and 1 progressions
are known, the latter having been dubbed by Asundi [4] as "5B", and at
that time thought to be a new system. This is understandable because

3

. + . .
violent perturbations of the b“%L state drastically alter the relative

appearance of the two progressions. The original measurements by
Deslandres [127a, 23] in 1888, of emission from discharge tubes contain-

o
ing carbon and oxygen, included some bands down to 2295 A which turned

3

+
out to be part of the "3A" system (¢ - ). The confirmed bands of

o]
the b-a system extend from 3830-2660 A. These vibrational heads are

3 3H states

given in Table 13. The rotational constants for the b y and a
are given in Tables 43 and 42, respectively.

The first assignment of vibrational quantum numbers of the b3ﬁ+ - a3H

system was made by Johnson [119] who identified the lower state with the
upper state of the Cameron bands. Previously Wolter [277], using high
resolution, had observed five bands of the v' = 0 progression. He men~

tioned the repeated rise and fall of intensity of the band lines and,

in addition, reported the appearance of weak diffuse lines between
the main lines. Later this system was observed by Duffendack and Fox
[57, 58] who concluded that the group of bands labeled by Johnson [119]
as the v' = 4 progression constituted the v' = 0 progression of a new |
system called "3A".
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Asundi [4] observed the b-a and "3A" bands in an uncondensed dis-
spectrograph.
charge using a 21-foot focal length grating/ Outside the first

(1longest wavelength) head of these violet-degraded bands were faint
lines which decreaselin spacing toward higher wavelengths, formed a dif-

fuse head, and continued further with_a gradual increase in spacing.

Asundi attributed the b-a system to a 52 -9

3

disagreed and considered the transition as “g - BH, an assignment later

1l transition. Birge [23]

firmly established by Dieke and Mauchly [54].

An extensive discussion of the spin>splitting and A-doubling in
these bands has been given by Dieke and Mauchly [54], who observed the
0-0 to 0-4 bands using dispersion of < 1 X/hm. Budo [32] has used
these data to obtain rotational constants for the a3H state. Dieke and

3+

Mauchly's analysis established the transition as "¢ - 3H, with triplet

(spin) separation of the b32 state unnoticeable for J < 20. The char-
acter of the A-doubling and the number of missing lines near the origin
identified the lower state as regular BH, intermediate in coupling between
case (a) and (b). From a study of the Zeeman effect on this band system

Schmid [236] showed that, beginning at about N = 22-23, the a3H state

belonged to coupling case (b). The 3 -1

L terms have separation < 0.2 cm
for N up to about 20. The terms in order of decreasing energy are

F1>F2>F3.
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The b-a bands represent a transition from case (a) to case (b);
i.e., the BH state already departs from case (a) coupling for small N.
Fifteen branches are allowed by the selection rules, of which fourteen
were observed as well as the trace of a fifteenth. Nine strong bands
indicate coupling close to case (b). The five head-forming branches
are 03, 02, P3, P,. and P,.

Many large perturbations, mostly far from the heads, cause the
characteristic intensity fluctuations first mentioned by Wolter [277],
and cause clustering of lines toward the tails. At high pressure the
tails show characteristic triplets especially in the O-1 band at 2977 Z.
[See Fig. 2 of Ref. 54b]. In front of the heads (at shorter wavelength)
are faint lines forming very weak series which do not form heads. Dieke
and Mauchly showed that these are due to transitions with AN = 3. It
is not certain whether these were the lines found by Asundi [4].

Schmid and Gerd [226] have reported clustering of Q-branch lines

+
32 state.

in the v' =1 progression caused by perturbations of the b
The positions of these perturbations converge to a limit which seems
to coincide with the predissociation limit common to the v' = O pro-
gression and to the B state. Gerd's [75] report on the fine structure

of the 1-0 band has confirmed the predissociation of the upper state

between N = 42 and 43.
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Rotational analysis of the O-4, 0-5, 1-4, and 1-5 bands has been
given by Beer [16]. Perturbation of v" = 4 was observed and assigned
to a'32+.

The molecular constants for the b state are somewhat uncertain.
Schmid and GerS's values [226] arequoted by Herzberg [99]; i.e. Be =
2.075, o= 0.033, B, = 2.025 e, Stepanov [246] has criticized the
way these values were determined and his values are listed in Table 1,
i.e., B, = 1.986, o = 0.042 em Y. For AG(3) from measurement of b-a
bands Schmid and Gerd [226] obtained 2109 em L. Jevons [117] had pre-
viously listed 2214 cm* from the data of Asundi [4]. Gerd's [75]
estimate of 2198 cm—l is the value listed in Herzberg. This value was
obtained by extrapolation to N =0 of the difference between the Q lines
of the 1-0 and 0-0 bands. Stepanov [246] criticized this value and used
a different method to obtain 2188 cm-1 which is the value quoted in
Table 1. These constants should be accepted as only tentative and

renewed attempt should be made to determine them more precisely.

3.7 chT ~ a1 "3A" System (2710-2300 X) v
Duffendack and Fox, [57, 58] measured the excitation potentials of
several band systems of 00, including five bands of a new system appear-
ing at about 11.1 volts. These bands had thesame final state as the
Third Positive system, [ij+ - aBH], but originated from a state about
1.02 volts above the b state. The new system was labeled 3A, and bands
were identified as the (0-v") progression for v" = 0 to 4. The violet-

shaded bands were multiple headed.
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Faint, five~headed bands of this system were produced by Asundi [4]
in an uncondensed discharge in C0. The first and fifth heads are
strongest; hence, under low dispersion the bands appear double-headed.
The electronic multiplet separation of the measured extreme heads is
largest for the 0-0 band, and, as with the Third Positive bands, de-
creases for higher vibrational states.

An equation for the heads is given by Asundi [4]

o = 43542.5
- (1726;5 v = 1444 v"2)
43612.4

Schmid and Gerd [230] excited intense 3A bands in a discharge
through neon in a Geissler tube with carbon electrodes and gave a pre-
liminary report on the 0-1, 0-2, and 0-3 bands. They detected 12
branches in each band, the remaining branches being weak and overlapped.
Six branches are head forming: 03, 02, P3, P2, Pl’ and Ql in order of
diminishing wavelengths. The nature of the branches shows the upper

state to be 3

T, with negligible multiplet splitting.
Gerd [77] reported the detailed rotational analysis of the 0-1, 0-2,

o
and O-3 bands observed at a dispersion of 1.3 A/mm. A predissociation

in this system is observed at about 11.5 eV. The combination differences

for the a3ﬂ state agree well with those of the b-a system which confirms
+
the order of the bands and band lines and the ¥ character of the ¢

state. A value of‘Bo = 1.9563 cm-1 is derived.
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The last observed lines of the R3 branch of the O-1 3A band lies
in the region of a spurious predissociation in the P branch of the red-
degraded 9-18 Fourth Positive band. The rotational analysis of the 3A
bands shows that the apparent increase of intensity of some of the
Fourth Positive band lines [74] in this region are caused by super-
position of certain 3A lines.

The band heads of the 3A system are given in Table 14, and the

rotational constant BO = 1.9563 is included in Tables 1 and 44.

3

3.8 a'’st - a°l Asundi System (8590-3900 &) R

The multi-headed bands of the a'-a system have been studied mostly
under low dispersion, with only a few rotational constants determined
for the a' state from their analysis. More accurate values for these

constants are available from analysis of another system [101]. Two

bands which were believed to originate from levels with v = 30 in the

: +
a' state [78] most probably belong to a new 32 state whose term value

3 3

+
is uncertain. The observed vibrational heads of the a'“gf - a”’ll system

are given in Table 15. Rotational constants for the a' and a states are
given in Table 41 and 42, respectively.

McLennan, Smith, and Peters [158], using low dispersion, observed a
large number of red-degraded bands produced in a long, high~voltage dis-

charge tube filled with CO. (A number of these bands which have not been
identified are listed in Table 35c). Shortly thereafter Asundi [4] dis-

covered 16 red-degraded bands of the system bearing his name which were -
overlapped by the dBAi - a3H Triplet bands below 5700 X. The a'-a bands

appear double headed under low dispersion, but have five heads when seen
under higher dispersion.

42




By assuming the band at 8592 1 was the 1-0, Asundi assigned.vibra-
tional quantum numbers. A new term of the a'-X system found by Estey
(at 57763 cm-l) [60] required the v' assignments to be raised by unity.
The correct v' numbering was finally established by Beer [16] who indi-

3 3

cated that a perturbation of the a T,

[, v =4 term is caused by a
v = 0, which required Asundi's original v' values to be raised by three.
[See Ref. 80].

Knowledge of the a'-a system was considerably extended by the ob-
servations of Garg [68]. Numerous impurity 00 bands were observed during
the preparation of a discharge tube for the study of emission from SnBr4
vapor. The band positions are assumed accurate to x4 cm_l. Garg's
formula, fitted to both his and Asundi's measurements, is given below

with v' numbering of Gerd and Lorinczi [80].

2

og = 7213.8 + 1218.1 (v'+3) = 9.5 (v'+3)° - 1740.9 (v"+$) +

Vol (v"4+3)?

A few bands which cannot be fitted in this system are listed separately,
and assumed members of an unknown system. (See Table 35c). Garg's
table of band heads shows increasing deviation of observed-calculated

differences for v' =z 16. It is not presently known whether such devia-

tions arise from perturbations, or are due to incorrect identification of

particular subheads used to calculate these deviations.
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Schmid and Gerd [233], in a note, reported several red-degraded

3H Third Positive

bands near the heads of the violet degraded b3ﬁ+ - a
system. An especially strong band is observed at 2670 X in a Geissler
tube discharge in neon with carbon electrodes, in the presence of very
little oxygen. In another brief communication Schmid and Gerd [231]

ascribed the bands as due to a 32 - a3ﬂ transition. The upper state,

provisionally designated as fBZ, was suspected as including high vibra-

tional levels of the a'3

¥ state. This was supposedly confirmed by Gerd
[78], but Herzberg [99] believed the bands belonged to another state and
confirmed this indirectly in later work [101].

Gerd and Lorinczi [80] have given the rotational analysis of the
8-0, 9-0, 10-1, and 11-1 bands which were observed in emission. The 8-0
band is weaker than the rest and its branches are not given. The high
dispersion measurements are relatively free of overlap by other systems,
and allowed measurement of lines to a few hundredths cm—l. Rotational
constants for a'3ﬁ+,v =8t011l are obtained. A long extrapolation of
these [which is usually dangerous] gives the molecular constants
B, =1.331 em™ and o;= 0.016 cm which are the values listed by
Herzberg [99]. The rotational constants for the upper levels are
smaller by only about 1.5% than those given previously from perturbation
data [234a]. From more recent work on the a'3i+ - Xlﬁ+ system, Herzberg

and Hugo [101] obtained improved constants B, = 1.3453, o, = 0.01872,

and y = 0.000205 em T
[




The spin splitting of the 3

T state is rather large. For the 10-1
(in em™1)
band, the splitting is constant above N = 5. The splitting/is almost
is

the same for each of the bands'as/seen below:

F,-F, F, -F,
9-0 1.40 0.97
101 1.37 0.98
ll _1 1 . 40 1 . Ol

(See Ref. 80 for a correction to Table 2 of Ref. 78).

3

3.9 @°a, - a’l Triplet System (7500-3770 ) R

3

The d7p, - a3H Triplet bands of CO are a fairly extensive system of
moderate intensity spanning the visible region of the spectrum. Merton
and Johnson [160], in studying the effect which the presence of helium
had on band spectra of carbon, first isolated two progressions of this

system. These red-degraded bands were later assigned to CO when Birge
[21] identified the lower state as a3ﬂ and gave a vibrational analysis.
Extension of the system to longer wavelengths by Asundi [7] required an
increase in v' assignments by two units. Carroll [40] has reported that
the numbering for the d state vibrational levels should be increased by

One more unit. Only recently the upper state was identified [40] as 3A1,

following a prediction of the A character by Mulliken [171]. Kovdcs
[137] has explained the inverted character of this state which is not
expected in first order from a n3n configuration. Band heads are given
in Table 16; origins in Table 17. Rotational constants for the dBA:.L

state are given in Table 45.
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Asundi [7], from study of three bands at longer wavelength, conclu-
ded that the band at 15540 cm © was not 0-0, and that the v' assignments
as listed by Gerd and Szabo [82] should be raised by two. The bands
were found to have five heads. He was not certain whether his band at
13303 cm,—1 was definitely 0-O, and speculated that the system origin
might be at longer wavelength than his range of observation.

3

Herman and Herman [92, 96] observed emission of daAi - a”ll Triplet
bands in a low current discharge in neon with traces of (0 at liquid

nitrogen temperatures. Under these conditions bands with high v' pre-

dominate. Bands with v' = 6 [add 3 to the v' assignments of Herman and
Herman| are relatively weak compared to intense bands for v' =5 and 7.
This results from a predissociation of d(v' = 6), which corresponds to

the energy of c(lp) + D(BP), agreeing with perturbation structure ob-
served by Gerd and Szabo [82]. The bands with v' = 12 are relatively
weak and those with v' =13 are enhanced compared with those for v' = 14.

32; for v! > 14

This is due to forbidden predissociation of d3Ai by e
the intensity is enhanced because of the vanishing of the perturbation.
In addition, the population of dBAi(v =13) is enhanced by inverse pre-
dissociation from C(BP) + O(ID), with corresponding emission. A new

system of triple-headed bands was also observed and is discussed further

in Section 3.18.
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Recently Sato [219] used a 33.3 Mc discharge to produce more than
40 rather intense bands of the d-a system. His low dispersion measure-
ments included almost all bands observed previously as well as the 12-0,
5-1, 6-1, 6-2, 7-2, 17-2, 18-2, 19-3, 20-3, 17-4, 21-4, and 22-4. His
v' values should be raised by three units. Uncertainty in the shorter
wavelengths is about 0.5 K; uncertainty in the longer wavelengths is
gbout 1 K.

For a number of bands, Sato's measurements differ considerably
from those of several other authors. This raises questions about
quantum assignments for other bands observed by Sato. Table 16 includes
the measurements of several authors where a unique choice is not possi-
ble. This system should be re-examined to clarify the band identifica-
tion.

Gerd and Szabo [82] have given the rotational analysis for the 3-0,
4-0, 6-0, 7-0, and 9-1 bands.(Their original v' assignments are too low by
three units). The fine structure was interpreted as showing the transi-

tion to be dBHi - a3

Hr' The upper state was later correctly identified
as BAi by Carroll [40]. Gerd and Szabo observed these bands in a
Geissler discharge in neon with traces of oxygen. The bands also ap-
peared under favorable conditions without the presence of a noble gas.
In the latter case there was overlap with the Kngstrom and Asundi

'3i+ 3

bands, B1£+ - AlH and a - a’ll, respectively.
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Twenty-seven branches were observed, doubled because of A-doubling.
It was established that A-doubling of the band lines agreed with that
of the a°ll state (from the b s - a1l Third Positive bands) and that
the A-doubling of the d term was immeasurably small. Rotational con-
stants, coupling constants A, and Y = %‘ for the d state were calculated
from combination differences and the F1 - F3 differences based on Budo's
formulas [32b] for a transition between two triplet Il states in inter-
mediate coupling between cases (a) and (b). Corrected values are given
by Carroll [40]. The origins of four bands were calculated by Gerd and
Szabo [82] using an average of nine Q-branches whose series were extrap-
olated to J = O. Based on these zero positions the vibrational term
differences were calculated for the d term. A formula fitted to the
correctly numbered v"' =0 progression is given here as o(v-0) = 11598.50
+ 1152.58 (v'+ %) - 7.2812 (v'+ $)2 - 0.1125 (v'+ %) which gives the

system origin S0 at 12,172.96 cm-l.




Carroll [40] has given the rotational analysis of the 3-0 band
based on high resolution measurements and has shown the upper state to
be BAi in agreement with electron-configuration theory and not 3Hi as
indicated by Gerd and Szabo [82]. Mulliken [171], on the basis of
LCAO-MO calculations for the lower excited states of CO, had predicted
a 3A state at about the observed energy. Carroll's work was initiated
to clarify the nature of the upper state, and is the first reported
example of a 2 = Il transition with non-negligible (multipled splitting.
The source used was a discharge through flowing helium with a trace of
C0. Of the several bands observed, the one at 6401 2 was analyzed be-
cause it extended to high J and was relatively free from overlapping by
other structure. All 27 branches were observed, although sometimes the
A-doublets were not resolved for lower J. There are nine subbands,
each composed of three doublet branches, although the branches going to
3H2 of the lower state are only resolved at higher J. The BAi state is
case (a) at low J and changes to case (b) at higher J. (See Fig. 1 of
Ref. 71). The a state also is case (a) at lower J.

Carroll's measurements agree well with the previous ones of Gerd
and Szabo for the 3-0 band, with several differences in classification
of lines. In addition, some of Gerd's assignments at low J seem to be
spurious. Detailed evidence is given for the assignment of the upper
state as 3Ai, including confirming evidence from the intensity distri-
bution in the fine structure. At that time there had been no theoreti-
cal calculation of branch intensities for a 3A - 3H transition, but
such formulae have since been obtained by Kovdes [136], for various

coupling conditions of the states involved.

9
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The energy formulae of Budé [32b], although good to a first approx-

BAi state with 1

imation, do not give the rotational term values of the
sufficient accuracy [40]. This deviation between the observed and
calculated energies, which affects most strongly the middle multiplet
component, is explained by Kovdcs [137] as arising from the joint
effect of two factors normally neglected: (1) spin-spin interaction,
and (2) spin-orbit interaction by mixing with a nearby state, probably
lA-

No 1A state has been observed directly, though a possible perturbation
of Alﬁ, v = 0 by such state has been mentioned by Rosenthal and Jenkins

[216].

- (o]
3.10 e’y - X'y’ Transition (1540-1240 A) R

3 15" has been observed

A forbidden electronic transition, e’y - X
by Herzberg and Hugo [101] in the vacuum UV region. They observed a
long v" = 0 progression of weak, red-degraded single headed bands in
absorption by use of a three meter focal length vacuum spectrograph,
at dispersions of 0.63 and 0.50 X/ﬁm. These bands have also been seen
under low dispersion by Tanaka, Jursa, and LeBlanc [255]. The existence
3

of the e’y state had previously been inferred from perturbations in the

B-A bands [101] and in the A-X bands [234b]. Many e-X bands are over-
lapped by bands of the A-X, a'-X, and d-X transitions (101, 255].
Table 18 lists the band heads and origins of the e-X system. Rotational

3

constants for the e’ state are given in Table 46.




The observed progression began with a relatively strong band at
64816 cm—l which was labeled 0-0. Since then, two bands have been found
at longer wavelength [100] which suggestsfraising the v' values reported
earlier by two units. Fine structure analysis of these bands [238a]
showed conclusively that the v' values of Herzberg and Hugo should be

raised by unity.

Fine structure has been determined for the 5-0, 6-0, 7-0, 9-0,

Pai

. - 1 - s e
11-0, and 13-0 bands, which resemble a ~0I - lz transition, but with the
Q branch doubled. Electric dipole selection rules (+ o -, pAJ = 0, %1)

- +
32 - 12 transition which is

possible because of spin-orbit interaction: Q, QP, QR, SR, and OP.

indicate five branches are expected for a

Recall that the selection rule prohibiting Y - i+ transition does not
apply to intercombinations [220]. In the 32 state, F1 and F3 sublevels
(J = M1) lie close together, with therP and QR branches nearly coin-
cident and separated from the Q branch. These conclusions are confirmed
in the observation of the 8-0 band, for in most other bands, the three
Q-form branches are not resolved. Herzberg and Hugo [101] have made

no quantitative intensity measurements, but have compared the intensity
factors of the Q-form branches as given by Schlapp [220].

The formulas fitted to their data (with revised quantum numbering)

are given below:

B_' =1.2348 - 0.0181 (v+&) + 0.0001 (vd)?

v

o, (v'=0) = ey23(.32 + 1113.167 (v'+3) = 9.59( (v'+3)2 + 0.00587 (v'+$)?

- 1081.59

where the last number is the zero-point energy of the X state.



O
3.11 Clzr - a'BZ? Knauss System (3250-2930 A) V

Knauss [130], in an abstract, reported four violet-degraded bands
obtained in an electrodeless discharge through 0. These were identi-
fied as belonging to Clﬁ+ - a'3i+ (Table 19). More recent data on the
a' state indicates that the v" values should be two units larger than

those quoted by Knauss.

(o]
3.12 Kaplan Bands (2750-2520 A)

A. In a brief note Kaplan [125] reported three bands forming a new
system when a trace of C0 was excited in a long atomic hydrogen tube.

3

+.
The bands resembled the 3A system (032 - a’ll), each having six heads

and degraded to the violet. The transition is attributed to K - aBH,
the upper state being tentatively identified by Kaplan as a metastable
quintet. These bands do not appear under ordinary conditions. Schmid
and Gerd [106] have speculated that these bands may be the v' = 2 pro-
gression of the b-a Third Positive system. Assuming v' = 0 yields

T, = 89889 en > (above X) for the upper level. The bands are listed

in Table 20.
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B. Kaplan [126], in an abstract, reported an intense single band.
at 2575 K, similar in structure to the Alﬂ - X12+ Fourth Positive
bands, hence degraded to the red. This band was discovered in quenching
mercury resonances radiation by CO. Schmid and Gerd [232] indicated

3H - Xlz Cameron band

that this band coincided with a head of the 4-8, a
(which according to Cameron himself was the most intense band of the
system) and disputed the reality of the 2575 A bands as due to new (0
transition. Schmid and Gerd [234b] indicated that the disputed band is
strongly overlapped by the 0-0 band of AlH - Xlz of CS in a variety of
discharges and this level of CO-would appear to be illusory, and should

not be included among (O terms.

[0
3.13 d°p, - X'5' Transition (1620-1230 A) R

In a study of absorption spectra of (0 in the vacuum ultraviolet
region, Tanaka, Jursa, and LeBlanc [255] observed a weak progression of
single headed bands extending to high v', assumed to correspond to the
R heads of the transition. At that time the upper state was thought to
be 3Hi’ and is now known to be 3Ai' The v' values given in Ref. 255

need to be raised by one unit. (See the discussion of v' numbering in

the Triplet d-a bands). The band heads are listed in Table 21.
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3~ 3 °
¥ - a’ll Herman System (5430-4270 A) R

3

3.14 e

In a study of the d Ai - aBH Triplet bands, Herman and Herman [96,

92] reported a new progression of emission bands similar in appearance
[red-degraded], but having more closely spaced heads. These bands were
attributed to a new system whose upper state was assumed to be d (then
thought to be 31‘[) and the lower state assumed to be a new triplet level
lying near aBH. Some of these bands had been observed but not identified
long ago by Merton and Johnson. By using the absorption data of Herzberg
and Hugo [35], and that of Tanaka, Jursa, and LeBlanc [255], Barrow [12]
has shown that the Herman bands constitute the (v'-0) progression of the
e32— - a3Hr transition (Table 22). The v! numbering of Barrow should be
raised by unity [238a]. "It 1s anticipated that other bands of the

Herman system will probably be found at longer wavelengths" [12].

3.15 Eols' - x'g', 10 - x!'5", and Several Unidentified

o}
Transitions in the Vacuum UV Region (1180-930 A)

In a discharge in (0 at several mm. pressure Tschulanovsky and
Gassilevitsch [261] excited a number of weak bands in the region
1200-930 X. Included among the bands is the single band of the E~X Hop-
field-Birge transition. Most of the bands are unclassified and are listed
as such in Table 35d. Several bands belong to a new system labeled
Eolz - Xlz by Tschulanovsky [260] (see Table 23). The (0-v") progression
of red-degraded bands has a system origin at 90866.2 cm-l. The relative
error is estimated to be 0.01 to 0.03 4 (or less than 3 cm %). The
constant v' value is uncertain and was assumed to be zero. A formula is
obtained which fits the heads: g¢(0 =v") = 90869.45 - (2171.19 v" -
14.28 v"?), giving constants which deviate considerably from those of

the ground state. On this basis the reality of the Eo state is questioned.
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For the most intense band at 1183.62 4, a value of (B'-B") =
-0.6882 cm-l was obtained. Both branches observed were of comparable
intensity. By using B" =1.8702 cu © one obtains B' = 1.182 cm .
(which is given in Table 47))r' ~1.44 X, and go(O-O) = 90866.2 cm L
= 1100.52 X. This suggests a very weak bond and a state with a flat
potential curve. The q: is not considered accurate, but a rough con-
firmation of its magnitude was obtained from a partial analysis of two

other bands. It is estimated that  for the E_ state < 1000 cn >

1>:+ state of N.).
1 2

(comparable to the b!
Tschulanovsky [260] has also reported a group of weak, overlapped
red-degraded bands in the region of 1100-1000 K which form a new lﬂ—X
system. The measurements are not very reliable. The best resolved
band is the 0-1 at 1034.65 K, which shows the P and R branches longer
and more intense than the Q. A value of (B'~B") = -.7659 cm * gives
B)' =1.139 (see Table 48) using B " =1.9052 en L, The calculated

1 1

origin of the lﬂ -X z? system is at 98836 cm . The bands are given in

Table 24.
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(o)
3i+ - a3n Transition (2980-2670 A) R

3.16 ¢
Schmid and Gerd [233] have observed several red-degraded bands
(Table 25) near the heads of the 1-0 and 0-1 violet-degraded b-a Third
Positive system. An especially strong band appeared at 2670 X in a Geiss-
ler tube discharge (between carbon electrodes) in neon, in the presence
of very little oxygen. Schmid and Gerd [231] ascribed the bands to a

+ . . .
32 - aBH transition. The upper state, provisionally designated as f3ﬁ+,

was suspected as including high vibrational levels of the a'3ﬁ+ state.

The supposed confirmation of this assignment by Gerd [78) was not fully
accepted by Garg [68], Gaydon [69], and Herzberg [99]. The work of
Herzberg and Hugo [101] on the a'-X transition implies that the Schmid
and Gero bands do not belong to the a'-a system.

Gerd [78] has given the rotational analysis of the two f-a bands

which he labeled the 30-1 and 34-0 bands of the a'-a transition. Stepanov
[247] labeled these with v' increased by one unit. For the a3H state in
coupling case (a), 27 branches are allowed. Relatively large triplet

+
splitting of the bBZ terms is indicated since most of these were ob-

served. Spin splitting is found to be roughly independent of N:

o] o]
2979.9 A 2669.7 A
=) )
F1 F2 0.80 cm 1.05 cm
F_-F 1.08 em L 1.43 em T
37F

(See p. 461 of Ref. 80 for a correction to Gerd's paper). Perturbations
are indicated near N = O of the f state, presumably caused by b32+. Ro-
tational constants for the f state are estimated using the unperturbed

levels with higher N (Table 49). The unperturbed term values of the upper

state vibrational levels are estimated to lie at 83744 and 85969 cm

(36 cm_1 has been added to Gerd's figures [78] to account for revised a-X

data) . Stepanov [247] obtained values close to those of Gerd which,ﬁhen revised,
would give 83755 and 85960 cm™l. 56




The small B values (0.83 and 0.75 cm‘l) for the f state terms imply

either high vibrational quantum states or a weakly bound electronic state -

with large r- This rather peculiar structure should be re-examined

experimentally.

- o
1o - x's" Transition (1520-1460 4) R

3.17 I
Three red-degraded bands consisting of a single Q branch have been
observed in absorption [100] under high dispersion and correspond to the

- +
lz - Xlz transition. Rough measurements of wavelength indi-

forbidden I
cate a vibrational frequency near 1000 cm—l. Full details are not yet
available.

The Ilz- state had previously been known only from its perturbation
of the ATl state (See Table 54a). A number of the perturbations caused
by the I state have been assembled by Schmid and Gero [225, 234b}, Kovécs
[135], and from more recent measurements of the Blﬁ+ - Aln Angstrom bands

by Deutsch and Barrow [52]. These authors all assumed that the v = O

level of the I state perturbed Alﬁ, v = 1. The above measurements [100]

suggest that it is probably the v = 1 level of the I state that is involved.

Earlier estimates of Be of about 1.48 cm-.1 implied a value of o, of
about 0.046 which is rather large for any state of 0. [But the b state
has an g of 0.042 or 0.033]. Deutsch and Barrow [52], by assuming the
value of a, as 0.018 cm-l which is similar to other states having the con-
figuration n302n*, have derived a term value for the electronic state and
vibrational and rotational constants. These values, adjusted by raising
their v values by one unit, are listed in Table 1. The state lies at |
about 65630 cm—l.
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A summary of the observed Ilz- perturbations is given below

v(atw) v(rly) J Tv_o(Ilf)
1 1 35 66678
2 2 7 67704,
3 4 40 69699
4 5 23 70667
5 7 L4, 72547
6 8 30 73459
8 11 34 76080
9 12 13 76915
11 15 16.5 79360 (Ref. 234b)

M1 data points but the last are those of Deutsch and Barrow [52]. (Term
values are in cm_l.)
3.18 Unidentified Bands

A. Herman [95] has found two new groups of triplets attributed to
CO, which had earlier been found in comets, using as source a 90-cm
long discharge tube with carbon electrodes, filled with xenon to a pres-
sure of 10 mm of Hg. The two groups of triplets have different structure.
Group (a) is red-degraded as is evident even under low dispersion, group
(b) has branches which look like lines (as may be seen in Fig. 1 of
Ref. 95). (See Table 35e). No further details are given.

B. Johnson [118] has observed five double-headed red-degraded bands
. + . I
together with other bands belonging to CO' . They are described as similar

2

+ . . . . '
to the Azﬂi - X"% comet tail bands, but with different separation, and

each head is not a close doublet. These are given in Table 35j.
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C. Barbier [11] has observed 26 bands in the night sky (5200-3200 Z)
which were attributed to a new transition to the ground state of CO. The
upper state is at 21962 cm—l, with w ' = 2610 cm * and wx ' =23.8 em L.
Pearse [186] has questioned this assignment since we' >> we". The iden-
tity of these bands as belonging to CO is highly questionable.

D. Huffman et al. [107] have observed numerous unclassified bands
(Table 35f) in their study of the absorption coefficients of 0O between
16000-600 K. These are in addition to many previously observed Rydberg

states, and other bands seen by Tanaka [254] and Henning [91].

3.19 P, Q, R, S, T - x's" Tanaka Systems (800-630 K) R
Among numerous absorption bands which make up several Rydberg
series, Tanaka [254) observed five new progressions with roughly constant
frequency difference. These progressions, representing transitions from
the ground state to the P, Q, R, S, and T states, are listed in Table 26.
Weissler et al. [270] have observed the P state and the S (or T) state

by photoionization. Kaneko [124] has observed these in electron impact.
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o
3.20 Rydberg Series (940-630 A)
Rydberg series are of special interest because their convergence
limits give the ionization potentials of the molecule. Absorption mea-

surements have been reported of such series whose convergence limits

+
coincide with the three spectroscopically observed states of CO . Recently,

series converging to what appears to be a new state of CO+ have been
observed [42]. The series converging to the B, A, and X states of oMl
are given, respectively, in Tables 27, 28, and 29. The observed Rydberg
states of CO are most likely lzf or lH, though no fine structure analyses
have yet confirmed the tentative assignments. Details of their possible
electronic structure have been given in Section 2. The spectroscopic
observations are reviewed below.

A number of bands which reportedly belong to Rydberg series have
been observed under low resolution by Henning [91] and Anand [2]. Uncer-
tainties in the measurements make their series limits unreliable.

Henning [91] observed 22 bands in absorption, including ten which formed
two progressions having nearly equal frequency difference (= 1550 cm-l).
The positions of these broad bands are uncertain by + 50 cm-l. Anand

[2] observed six headless bands in emission, and in the same spectral
region (900-850 K) saw a series of four bands in absorption. Both series
were fitted by a Rydberg formula with a common limit of 14.5 eV, which
falls between the term values of vibrational levels of CO+, X2ﬁ+.
Hennings's bands are listed in Table 35g. Anand's are listed in Table

35h.
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Tanaka [254], using a three-meter focal length grazing incidence
vacuum spectrograph, observed numerous bands)including most of those
reported by Henning, as well as the F and G bands of Hopfield and Birge
[104]. A band at 783.1 K (127,698 cm-l), reported to be very diffuse
by Henning, was seen under higher dispersion to have three close heads,
each being sharp and degraded to the red. Tanaka found two sets of
absorption bands of equal intensity, one sharp and one diffuse, each
forming a Rydberg series labeled the "B" series and converging to a
common limit at 630.12 3= 19.675 eV. The sharp series in the region

o
700-620 A can be represented by the formula

o=l%@2-c;£§ﬁ,n=5,uull

More recently, Huffman, Larrabee, and Tanaka [107] have observed the
n = 4, 0~0 terms of the "g" sharp and diffuse Rydberg series in their
study of absorption coefficients of CO in the region 1000-600 K. (See
also Table 27).

Another Rydberg series labeled "oM was found [by Tanaka] to span
the region 800-730 A. Its convergence limit was at 749.74 & = 16.536 eV.

The "o" series can be represented by the formula

o = 133380 - n=5 «..9

— R
(n-1.69)2 ’
The "B" series includes transitions from the X1i+ state of (0 to

! + -+
electronic states which converge to the B22 state of CO' . A diffuse

band always appeared on the short wavelength side of each sharp band.

The "o" series converges to the A®ll state of . This latter series is
strongly overlapped by other bands. Both "g" and "o" series show vibra-
tional structure which is close to that of the ionic states which are their

series limits. Tanaka [254] tentatively ascribed the sharp and diffuse

. + +
series to (12 ) - Xlgfand (lﬂ) - 12 transitions, respectively.
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Takamine, Tanaka, and Iwata [253] have observed two Rydberg series
converging to 884.73 X and 868.13 X, respectively. These series are
the 0-0 and 1-0 vibrational series whose convergence limit is the lowest
ionization potential of C0: 113029 £ 32 cm-l or 14.013 + 0.004 eV.
This convergence limit is within/Z§§erimental error of that derived
from the limits of the "B" and "o" series and the origin of the B-X
system of CO+. (The values in eV quoted here differ from those originally

given in Ref. 253 because of a slight difference in conversion factor).

The series has been represented by a formula

R -
= 113029 - ————— n =6, eeey 14
° 2029 (n-1.88)2 ’ ’ ’

3.21 B3 - X?s' First Negative System of 00" (3150-1800 2) R
The B22+ - X22+ First Negative system of carbon, originally observed

by Deslandres (see also Ref. 127a, p. 233), consists of an extensive
group of single-headed, red-degraded bands. The upper state of this
system is the highest lying state of CO+ which has been observed
spectroscopically, though a more energetic state has been tentatively
identified from electron impact and photoionization measurements.
Vibrational heads of the B-X system are given in Table 30, origins in

2

Table 31. Rotational constants for the X2ﬁ+ and B j+ states of CO+

are given in Tables 50 and 52, respectively.
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A number of bands observed by Schniederjost [Ref. 127a, p. 213]
were later correctly identified by Jevons [116] as belonging to
Deslandres' system. Additional bands of this system were reported by
Johnson [118] and Blackburn [26] who gave the first vibrational assign-
ments. This system was extended to shorter wavelengths by Biskamp's
report [24] of 22 new bands in an intense high frequency discharge in
helium containing a trace of C0. The dispersion used was 8.8 K/mm
[wavelengths are uncertain to +0.05 K]. A formula was fitted to the

observed band heads:

o = 45651.5 + (1695.6 v'-24.25 v'2) - (2196 v"-15.12 v"2)

Deviation from this formula of levels with v' = 7 suggested [24] per—
turbation of this level as due to crossing of the 22 states.

Early fine structure measurements on lower vibrational levels of
both states did not provide reliable rotational constants because of
overlapping lines and poor resolution. These include studies by Coster,
Brons, and Bulthuis [45] and by Schmid [237]. The latter observed
measurable spin splitting only for high rotational quantum number,
typically about 30-34. The 3-5 band, however, showed doubling (about

-1 width) for P(23) and R(24).

1.3 cm
The rotational analysis of the 0-O0 band by Schmid and Gerd [222]
established the ground state as the common lower state of the Comet

Tail and First Negative bands.
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Rao [202a] has made a comprehensive study of the B-X system of GO+
under high resolution which has provided the best values of molecular
constants of both states, band origins, rotational constants, and spin
doubling coefficients. [For the latter see Table 53]. Previously
Woods [278] had reported values of |y' - ¥"| for the B and X states
which are about half those of Rao.

Rao [202a] has given the fine structure of the 0-0, 0-1, 0-2, 0-3,
0-4, 1-2 1-3, 1-4, 1-5, 2-3, 2-4, 2-5, 2-6, 3-5, and 4-7 bands. Ob-
servations were made viewing a hollow cathode discharge with a 21-foot

spectrograph
focal length grating/in fourth order. Six branches are possible for a
22 - 22 transition, with each line of the P and R branches split into a
triplet by the selection rule &J =0, 1. The satellite branches PQ12
and RQ21 were very weak except at very low N. The bands
consist of a doublet P branch and a doublet R branch, with doublet

splitting resolved only for higher N values.
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8 [e]
3.22 A%, - X°5" Comet Tail System of 00" (7200-3080 1) R

Important characteristics of comet tail spectra are bands of carbon

+
compounds. Among these are found the strongest bands of O , A2

Hi -
X2ﬁ+, which were first discovered in these celestial sources [189],
and shortly thereafter weakly produced in low pressure Geissler dis-
charges in CO by Fowler [64, 189b]. These bands which extend from the
UV through the visible region have two double heads degraded to the red.
Each band shows eight branches (out of a possible 12), four originating
from each Il doublet component. The other four are not resolved because
of unresolved spin splitting of the X22 state. Rao [202b] has found that
previously used v' numbering should be lowered by three units. Perturba-
tions of levels A2Hi, v = 5 and 10 indicate crossing by the ground state.
Table 32 lists the observed A-X band heads; precise origins are listed
in Table 33. Rotational constants for the X and A states of OO+ are
given in Tables 50 and 51, respectively.

Merton and Johnson [160], Johnson [118], and more recently Asundi [6]
have observed bands of this system in a discharge through helium with a
very small partial pressure of O (NlO-4 mm) . Baldet [9] observed
four heads of each of 40 bands (in the region 6400-3080 X) produced by
electron bombardment of CO in the most extensive single observation of
this system. He drew a Fortrat parabola for the eight observed branches
of the band at 3997 K, but the more extensive rotational analysis of

many bands to which he alluded has not been published.
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Birge [21] showed that the First Negative and Comet Tail bands had
a common lower state. His vibrational assignments, as given in an early
review by Herzberg [97], were based on a fit to all of Baldet's data
with neglect of a weak band at 5281 Z. This analysis did include three
comparably weak bands at 6400 X, 5800 K, and 6000 Z, whose intensities

were estimated as + by Baldet. These were assigned as 0-0, 1-0, and 2-1

transitions. Rao [202b] did not see these weak bands, nor have any B-A
bands been observed with v" values corresponding to the above assignments.
In addition, the above quantum assignments gave abnormal Condon parabolas.
By lowering the v' assignments by three units and omitting the four weak
bands (listed in Table 35i), these difficulties were eliminated [202b].
Much work has been devoted to fine structure analysis of lower lying
vibrational levels. Blackburn [25] reported seeing the Comet Tail bands
under high resolution, but gave no quantitative data. Sometime later
Coster, Brons, and Bulthuis [45] observed the fine structure of the
2-0, 3-0, 4-0, and 5-0 bands produced in a low pressure discharge in
flowing CO. Relative accuracy for sharp lines was claimed to be 0.002 Z.
The ZHi state was found to be in Hund's coupling case (a) for low
rotational quantum numbers. Schmid and Gerd [222] have given the fine
structure of the 0-0, 1-0, 1-1, 2-1, 3-2, and 4~-2 bands. Rotational
analyses of many more bands have been given by Bulthuis [34] who has
published details only of the 6-0 band and the most intense branches of
the 7-0, 8-1, 9-1, 10-1, 10-2, and 11-2 bands. Perturbations of the

upper level were found in the 10-1 and 10-2 bands.
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The fine structure of the 0-2, 0-3, and O-4 bands has been given
by Rao [202b] who, in addition, reduced previous data [34, 45, 222] to
evaluate rotational constants for the Azﬁi state. Accuracy of £ 0.00025

cm 1 is claimed. The following formula was obtained:

B,' =1.58940 - 0.01942(v'+%), Dv7~ 6.60x10'6cm'l (est).

An average value of -117.5 cm—l was derived for the coupling con-
stant A (which is negative because the A state is inverted). A useful
comparison of the branch designations used by previous authors can be
found in Rao's paper [202b].

3.23 Bzz? - A2Hi Baldet-Johnson Intercombination System of o

(4240-3310 &) V

This system of double double-headed, violet-degraded bands has been
much less extensively studied than the other two known transitions for
CO+. Spin splitting of the upper state is observable; for the lower
state it is negligible. Vibrational quantum numbering is based on the
work of Rao [202b]. Observed band heads are given in Table 34.

Merton and Johnson [160] mentioned a number of faint violet-degraded
bands among their A-X Comet Tail bands and similar in appearance.
Johnson [118] reported the band heads for the 0-1, 1-2, 0-0, 1-0, 2-0,
and 3-0 transitions. Several additional bands were found which have not
been identified (Table 35j). Meanwhile, Baldet [8] had previously
reported the 0-1, 0-0, and 1-0 transitions from electron bombardment of

low pressure CO.
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Baldet [10] mentioned high dispersion measurements of the 0-1, 0-0,
and 1-0 bands, but his fine structure analysis has not been published.
Bulthuis [34b] has given the rotational analysis of the 0-0 and O-1
bands. These bands extended to moderate J (-25))were very weak, and
were overlapped by the much stronger A-X Comet Tail bands. The bands
were observed in a hollow cathode discharge. The spin splitting of the
Bzz level was observable, and Bulthuis concluded that the spin splitting
in the B-X band for higher J [237] is due essentially to the B state.
Rotational constants for each 2H sublevel were obtained which)when
averaged, are in reasonable agreement with more recent results of Rao
[202b]. For higher J the doublets P2-Q12 and Rl—Q21 are clearly separated,
but the doublets R12-Q2 and P21—Ql show only one component even for the
highest J values (~ 25).

Recently, Rao and Sarma [205] have summarized the work on all three
observed transitions for CO+ stressing the revision of v' numbering for
some Bzz - AZHi Baldet-Johnson bands)and changes in branch designation
because earlier fine structure analysis incorrectly labeled the A state
as 2Hr instead of inverted. Making use of the value for the spin split-
ting constant v = 0.0192 for Bzz, v =0 and |y' - Y"l obtained previously
[202a], they obtained values of vy for the X state which are given in
Table 53. Blending of branches of the intercombination bands prevented

accurate determination of rotational constants.
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4. PERTURBATIONS

A number of states of CO and CO' undergo perturbations, most
notably the Aln and b32+. The A state has the greatest number of
perturbations; the b state suffers perhaps the most severe disruptions
in its rotational structure.

For CO, the identity of most perturbing states i1s known. The
existence of the Ilz- state, not directly observed until recently,
was revealed from 1ts interactions with the Aln state. Supposed
predissociations of the A state [227,74], indicated by intensity drops
in the band fine structure, are not real. However, perturbations may
occur at these positions. Table 54 summarizes the data on reported
maximum perturbations, some of which are uncertain.

This section which supplements Table 54 is concerned only with the
reported rotational perturbations. Multiplet splitting and A- doubling

are discussed in Section 3; predissocations, a special case of

perturbations, are discussed in Sectlon 5.
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41 AT State

a, v=20
Stepanov [244] has determined the matrix elements of interaction

BEJ =N with 1Hb (in intermediate coupling between cases (a) and

of
(b)))and has applied the results to perturbations of AlH, v =0,

J =9, 12, 16. By using the data of Gero [224a,71], he obtained
numerical values of the matrix elements which were found to be
functions of J, and not constant as had been found by Budd and

Kovées [33].* The almost linear increase with J led to the conclusion
that the AlH state was in intermediate coupling close to case (b), as
had been previously established (see Section 3.1). Stepanov [245] has
also mentioned the importance of including the distorting affect of a
third level at the common point of intersection for low J.

Coster and Brons [44] have also reported a perturbation affecting
all branches at J =1; the perturber 1s II or A since both A- components
are affected together, most probably ln gince the perturbation is
already large at J =1. This perturbinglﬂ state has not been
observed directly. In addition, all lines below J = 16 showed
deviations of 6-10 cm_l; most of these being due to crossing by 32
levels. The 32 term value was estimated at 64815 cm_lg from the data
of Herzberg and Hugo [101] 3327, v =1 was found at 64803 em L. For

high J (presumably > 30)[44])a 3n perturbation is mentioned.
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Crawford [50] has studied the Zeeman effect in the B-A jngstrom
bands. [His Fig. 5 shows the Zeeman pattern for the P(1) and R(1)
triplets of the 0-0 band at 4511 K and also the aasymmetry of the Q
doublets at low J for the 0-3 band at 5610 X]. He has tabulated a
number of magnetically sensitive lines which show large Zeeman
patterns., These normally occur near points of large rotational
perturbations. For the 0-0 band this includes Q(25) and probably
others. (See Section 4.1 b-d for additional magnetically sensitive
lines). Crawford described the appearance of the 0-O B-A band as
having weak and fragmentary extra branches (see Section 3.2; note
particularly the same difficulty of Jasse [115]).

Watson [268,269] has reported additional faint lines for the
0-0 B-A bands including the occurrence of extra lines at the
perturbations. Some of the P, Q, and R lines at the perturbation of
J ~ 28 become sharp doublets. The Zeeman pattern indicated that the
perturber was not a singlet state, and wae assumed to be d31'Ii
(now known to be d3Ai). Extra lines appear for J = 8, 10, and 17.

Tae perturbed lines show large irregular Zeeman patterns at
medium and high J values. Neighboring lines are apparently
insensitive to the magnetic field. The perturbing state is assumed to
be case (a) 3II. Watson/giigéiven a table of Zeeman patterns of the

perturbed band lines in the 0-0 B-A band.
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At J ~ 0 Rosenthal and Jenkins [216] found a perturbation in all
branches which they ascribed to aBH, v = 1. Schmid and Gero [225]
believed, however, that the perturbing state was lH, an unobserved
gstate,

Coster and Brons [43] have found the following perturbations in
the 0-1 B-A band:t R(26), P(26), Q(23), Q(26), Q(29), and Q(35), with
extra lines corresponding to R(26) and Q(29). These seem to include
the 8'32+ perturbations as well as 127 perturbations reported elsewhere
[262,225]. The observed deviations do not exceed 2 cm_l, with the
largest deviations accompanied by intensity reductions. Two additional
% perturbations are found at Q(25) and Q(35) which may also be due to
the ~3 state.

Read [209] has observed a perturbation at J ~ 26 in the 1-0 A-X

32— perturbation at J = 44 1n another A-X

band. Gerd [74] reported a
band.
Gerd [102] has found small perturbations at smell J in v = 1 with

both A-components affected the same.
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Tschulanovsky and Stepanov [262] observed perturbations in A-X
bands, including the appearance of extra lines. In all cases the P
and Q branches were perturbed differently and perturbations result
from interaction with the e32— state., For the 1-5 A-X band an extra
line was incorrectly attributed to Q(28) and should be revised as

follows: Q(28) = 55571.07, Q(29) = 55554.84, with the extra line for

J =29 at 55559.10 cm . A 12 term perturbs both J = 26 and 35. An

additional perturbation at J = 26 [44] 18 due to one component of a

32 state.

Crawford [50] has listed as magnetically sensitive lines Q(23)

and Q(24) in the 0-1 B-A band, Near the perturbation at J ~ 28 in this
that
band Watson [268,269] found/several P, Q, and R lines appeared as

doublets.

McCulloh [157a] reported a perturbation of the lower state in the

13016

0-1 B-A band for C « Perturbed lines include P(16), Q(13), Q(19),

3 1

and R(16). The perturbing state is =" with B ~1.13 cm . (This is

the isotopic analogue to what Coster and Brons [43] found).
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c., v=2
Rosenthal and Jenkine [216] observed perturbations at
J =25, 29, and 33 in the 0-2 B-A band. Extra lines appeared in the
P and R branches for J = 25 and 33. Tschulanovsky and Stepanov [262]
saw the same perturbations in the A-X bande including extra lines in

the P branch for J = 25 and 26. The perturbing state 1is e3

X, v=4
(from the data of Herzberg and Hugo [101]). From perturbations [44])the
term value of 67953 cm L Ls obtained.

Gero [73] observed doubling of the Q(7) line in A-X bands. The
perturber is 12_. Deutsch and Barrow [52] observed this perturbation in
the B-A bands, and have tabulated the perturbations caused by the
ol state for all vibrational levels of the AL state. Crawford [50]
gives the following magnetically sensitive lines in the 0-2 B-A band:

P R5), P(26), P(34), and P(35).
de v=23
Rosenthal and Jenkins [216] reported perturbations at J = 28, 31,
and 34 in B-A bands. Coster and Brons [44] showed that these levels are
crossed by the a'32+ state., The estimated term value for the perturber
18 69459 e Y3 a' 5, v = 12 1s found at 69602 cm™} from the data of
Herzberg and Hugo [101]. Coster and Brons [44] found another small

perturbation of Q(38) which is due to the 12? state.
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Gerd [74] found J = 50 perturbed by the o

3

% state. Tschulanovsky

and Stepanov [262] have seen the 2 perturbation in the A-X bands. In

the 3-7 band extra lines are found for Q(27) and Q(28). The extra line
reported for Q(29) may not be real, and cannot be assigned to
J = 28, 29, or 30. Crawford [50] includes the Q(28) line as

magnetlcally sensitive in the 0-3 B-A bands. Deutach and Barrow [52]

—
rede oy

found I"Z perturbing J = 40,

McCulloh [157a] found the maximum . perturbation at  Q(21) in

the 0-3 B-A band of ¢ 170%°,

32+ state or 12— is responsible for the perturbationy the proper

P(21) was unperturbed . Either the

assignment can only be established from examination of high rotational

levels.

8, V=4
Coster and Brons [44] have found a perturbation at J ~ 31 in the

0-4 B-A band, the reality of which is disputed by Gerd [73]. Another

3

perturbation at J = 34, 37, —— 13 due to e % . The estimated term

value of 32 is 70878 cm—% from Herzberg and Hugo [101],one obtaine

eBZ_, v =7 at 70966 P

3

Gerd [73,71] has reported a 2+ perturbation at J ~ O and two

others at J = 23 and 27. The one at J = 23 1s due to 12? [52].
Asund! [5], in addition, observed a very smell perturbation for J = 18,
Gero [73] has reviewed the work on a mmber of these perturbations and

gives the following identifications: J ~ 0, >5'; J = 23, 157

J =37, 2. Additional perturbations include J = 46, 32+; J = 50, 3II.
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fo v=5

3H states

Gero [73] has referred to close crossing of 32+ and
which overlap perturbations of A, v = 5. The first perturbation is at
Q(30) in A-X bands, and 1s due to -5 . The last perturbation of this

pair of overlapping states is at R(35), Q(36), and P(37), due to 3n.

a T perturbation is found at Q(44) [73,52], and the onset of a 35

perturbation at R(50).

3 3

Gero [73] has observed overlapping “II and ~% perturbations near
the heads of A-X bands. An additional perturbation was observed at
Q(52). Since the other branches were not followed to such high quantum
numbers the nature of the perturbing state could not be determined with
certainty, and was assumed by Gero to be 3II. Several additional
perturbatlons at J = 29, 30 have also been found (73, 52].

Onaka [182] later unraveled the structure near the head in his
observations of the 6-13 and 6-1, A-X bands. Details of the 6-14 band
are not given. A perturbation near J = O which actson all branches,
indicates a II or A perturber with BV larger than that of the A state.
(A similar perturbation has been found of A, v = O by Coster and
Brons [44], indicating the possibility of a common state perturbing
both the O and 6 levels.) Several extra lines are observed for v = 6,
which include P(7), R(7), Q(11), P(13), Q(13), and Q(16). The
perturbations observed are: J' =7 ~8, 11, 14, 16 in Q3 and J' ~ O,

all branches.
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he v=27
Read [209] has observed perturbations of R(25), Q(27), and P(27)
in the 7-1 A-X band. Another perturbation at J = 29 was designated as
35 by Gerd [73]. In addition, Gerd found a 35F perturbation at

J = 26, and a 3

II perturbation at J = 39. Gerd [74] mentions a sudden
intensity drop from R(46) to R(47) in the 7-16 A-X band with no

simultaneous line displacement.

i, v=28
Gerd [73] found the following perturbations in A-X bands: J = 18,
35%s 5 =27, °m; J = 34 [52], 5", Gerd [74] mentions the following
sudden intensity drops (no line displacement)
8-16, A-X R(35) > R(36)
8-17, A-X R(35) >> R(37); R(36) overlapped.
Jo v=09
Gerd [73] found a 13~ perturbation at J = 13. (See also Ref. 120).
At
J=37a 5% perturbation is expected [74]. Gero [74] lists the
following intensity drops unaccompanied by line displacementa:
A 9-17 P(22) > P(23), R branch overlapped
9-18 P(22) > P(23), R(19) > R(22); R(20), R(21) overlapped,
Q(27) >> Q(28), P(28) > P(29)
9-19 P(22) > P(23), R(19) >> R(21); R(20) overlapped
9-20 P(23) and R branch overlapped;

Q(27) > Q(=8).
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k., v=10
Gerd [73] has studied numerous perturbations of the AlH state in

the A-X bands. It i1s determined that for v' = 10, at J = 16 and 18)

there are perturbations of P(17) and Q(18) by 32—. The strongest

perturbations are overlapped by the 32+ gtate, The branch lines,
however, are of normal intensity beyond the perturbed level and can be
followed to J = 34 At J = 32 there 1s & 3H perturbation.

1, v=11

Gerd [74] found a perturbation of J = 16 by 31 and 13,
m, v =12

Gero [74] found a perturbation of J = 24 by 32+.

n, v=13
Gero [74) has analyzed lines only up to J = 15. He indicsates a
probable 3II perturbation near that limit. For the bands with v = 11,
‘12, 13 only one band was observed) 80 that locallzing the

perturbations is less certaln than for the other bands.
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4.2 E lH State
In the 0-0 E-X band Tilford et al.[257] observed a perturbation
at J' = 31 in both R(30) and P(32). These lines appear as doublets,
and,in addition, are anomalously more intense than their neighbors.

A state of type 12+ 1s the suspected perturber.

4.3 a’I State

Beer [16] has studied the perturbations of the aBH, v = 4 level
in the 0-4 and 1~4 bands of the b32+ - 33H Third Positive bands.
Eight observed crossing polnts are attributed to a perturbing 32+ term
for which Bv =1.31 cm_1 was estimated. The perturbing state, which
lles at an energy of 55380 c:m_1 above the reference level X12+,
v =0, J =0, hag been identified sas a'32+ [235]. From previous b-a
studies by Dieke and Mauchly [ 54], and Gerd [75] it is shown that the
aBH, v=0, 1, 2, and 3 terms are regular (unperturbed). Dieke and
Mauchly [54] tried an analysis of the 0-4 Third Positive band, but
could only conclude that strong perturbations were probably present.
Beer found no perturbations of v" = 5 from the 0-5 and 1-5 bands.

[In these bands the bBZ, v =0 and 1 levels are subject to strong
and consecutive perturbations [54,75]. (see Section 4.6).

The elght perturbations are listed in Table 54c. Numerous extra

lines appear in the 0-4 and 1- bands.
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Since the 83H state 18 no longer in coupling case (a) for medium

values of rotational quantum mmber [50], one can allow for violation
for

of the selection rule/perturbations AQ = 0, 1. In fact, in two places,
the perturbations occur with AQ = 2. The abasence of a perturbation at

the ninth crossing point where AQ = 3 results from the rules for

intermediate coupling. From the perturbations, B ~ 1,31 cm_l and
o, ~ 55,380 et (above X) are calculated for the perturbing state.
These values correspond closely to those of the a'32+, v = 0 level.
The 0-6 and 1-6 bands should show the onset of perturbations sooner,
but these were not analyzed due to insufficlent light intensity. The
lowest perturber level of 8'32+ is most certainly v = 0, since aBH,
v=20,1, 2, and 3 show no perturbation. The Third Positive 0-6 and
1-6 bands should show perturbations at J ~ 47. These have not yet
been observed,

Beer's estimates of the constants for the a' state agree fairly

well with the accurate determinations by Herzberg and Hugo [101].

bLed @ 3Ai State

Gero and Szabo [82] have reported perturbations in all components

of the v

6 term of the d state in the d’A, - a°l Triplet bands at
I=8,J

13-14, and J = 14-5.

80




45 5 State
o] o 3 3
In a study of the 2980 A and 2670 A bands of the £-% — &I
transition, Gero [78] observed perturbations of the upper levels by the
v=0and v =1 levela of the b32+ state. The perturbations are seen
[o]
in the 2670 A band at N = 13 in the PQIQ(N), Py, R, and RQ32 branches.

The N = 13 level for the other band aleo seems perturbed. A plot of
AQF(N) versus N indicates dependence on N for small N; hence, a

perturbation at N ~ 0 by another Bﬁ* term. (See Table 54s). These

bands had at one time been thought to originate from high vibrational

a'BZ?

levels of the state,
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46 BOI' State
Dieke and Mauchly [54] have indicated that numerous large
perturbations of the upper state of the b32+ - 53H Third Positive banda
cause the characteristic intensity fluctuations previously observed by
Wolter [277]. The perturbations were ascribed to successive high

32 perturber, presumably a'32+. These are

vibrational levels of the
mixed with levels of the state f32+. The first large perturbation in

v =0 1s at N = 19, hence the head region 1s not affected. However,
there is no apparent regularity of lines in the middle of the bands.
The perturbations result in clustering of lines in some places and gaps
in others. Similar effects which are expected for lower N values near
the head region for bands with v' = 1 would make the v' =1 progression
appear to belong to another system. In the v' =0 progression for

vt =0 to A’the last few lines in all branches showed perturbations of
increasing magnitude with increasing N values, and the lines did not
return to their regular sequence after perturbation. Thls indicates a
I or A perturber. [Fig. 2 of Ref. 54 shows the irregularly spaced
triplets]. Deviations of a single perturbation exceed 50 cm--l [53].

Gerd [72] determined mumerous perturbations whose spacing decreased
with increasing N.

Gerd [75] observed the disrupted structure of the 1-0 b~a band.
‘Perturbations made it impossible to isolate branches below N = 5., Often
1lines did not follow in order of the quantum assignments. Additional
perturbations were found for 32 levels N = 17, 25, 30, 34, and 40. The.

perturber 1s the same 32 state which affects the bBﬁﬁ, v = 0 level,

g2




The perturber would appear to be the 235" state [78,247,101] N

incorrectly identified previocusly as high vibrational levels of the
+

8‘32 state. (See further details on the f-a transition in the section

on electronic transitions). The term values of the perturbing levels

lie at 83748 cm-l and 85973 cm_l.

4.7 A1, State of CO*
a, v=25
The AZH%_ (v = 5) level is perturbed by the %% (v = 14) level [45].
In the 5-0 A2H - X22+ Comet Tail band, the perturbations inciude a
number of successive extra lines in both the Ql and Q2 branches
(most of them being displaced towards higher frequency, one displaced
towards lower frequency). The perturbing state 1s =. The perturbations
occur for a large mumber of lines, because very similar Bv values for
both interacting levels cause both sets of levels to stay close
together., At J = 1l4% 1s the maximm perturbation of one A-component of
the H% level by the 3 level with J =N - %3 at J = 224, the other
A-component is perturbed by %, J =N + 43 the I

3
/2 for low J. (See Fig.

/2 level is unperturbed.

The perturblng = level liea between n% and H3

of Ref. 45). This, together with the fact that the peak perturbations
a

lie go far apart)indicatea/relatively slight angle between the

potential curves of the interacting II and I levels.
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For small J)the H3/2

extrapolation of data for the 2-0, 3-0, and 4-O bands, any

level ims probably not perturbed. From

displacement would not exceed several tenths of a cm—l. Both
A-components of the n% level are displaced about 2 cm_l for low J. The

2+
% . From the two crossing points Xv =1 Av - 5)a

perturber 1is X
value of Bz ~ 1.7 cm.—1 is determined which 1a in fair agreement with
the value for XZZ, v = 14. The extra lines are due to the

%5(v = 14) - X°2 (v

0) tranaition. It smeemed strange that
perturbations were not also observed in the other bands considered
here (2-0, 3-0, and 4-0). This may be explained by the fact that
the observed crossing of I and I here indicates that the potential
curves separate rapldly from one another, and have different oo The
2 levels would appear to fall between the II levels for low v and low J
so that a crossing with II

3/2
fact, there appears to be a perturbation of H3/2 ~ 2(4-0) for J > 30%.

is not expected till very high J. In

(Probably due to X, v = 10 affecting the low energy A-component) .
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| b, v=10

In the 10-1 and 10-2 A%I - X°5' Comet-Tail bands, Bulthuls [35]
found a perturbation of the R12Q11 and leP11 branches. The perturbed
level is A2H s v=10. From a knowledge of the v =9 and 11 levels the
unperturbed branches of AZH% - X22+ for v = 10 can be accurately
calculated by addition of the mean values of AZH% - A2n3/2 differences
of these two known levels to the measured branches of
A2H3/2 - & (=10). The 0-C (observed - calculated) differences for
the lines are the energy shifts due to the perturbation. The shifts
are small (about 3 — at most) (see Fig. 3 of Ref. 35) and include
J = 3% to 21%, the range observed. This can be understood from the
results of Ittman's [112] theory where the matrix elements determining
the magnitude of the shifts are small for small J.

The perturbations occur for numerous J values as can be seen from
Fig. 3 of Ref. 35. Here, for v =.lO, the crossing of perturbing levels
occur at very low J values, Hence, the perturbation is observed for
many J-values because for small J the two perturbing potential energy
curves are more parallel than in the case of high J, since the energy
differences for the same AJ increases with J. This follows also because

the interacting levels have very similar B values,
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A1l perturbing energles are negative (0-C) as seen from Fig. 3 of
Ref. 35; hence,the perturbing level lies entirely above the perturbed

B
AQHL level. /making use of Biskamp's [24] band head formula the
2

)
perturber is found to be X22+, v = 18, Extrapolating from Fig.3 of
Ref. 35, for J = 0, the ratio of perturbations in the two A-components
is 2.513.6. This ratio can be used to calculate the energles of the
two perturbing 2H - 22 levels using Ittmann's [112] formulas. See
Fig. 4 of Ref. 35 for energy curves of the perturbing levels.

The detaills of the perturbations are given 1ln Table 54g.
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5. DISSOCIATION ENERGIES, PREDISSOCIATIONS, AND
CONVERGENCE LIMITS

5.1 Dissociation Energy of CO

After a long history of controversy, the dissociation energy of
carbon monoxide D°(CO), having a value of 89640 em™> or 11.091 eV [28],
can now be regarded as generally accepted, though the triplet levels
of the atomic dissoclation products are not known. Fram the non-crossing
rule the products would be C(BPO) + O(BPZ), but this has not been estab-
lished as yet. Since the X;Z+ state of CO dissociates to ground state
products [69,56] it is possible to make a unique correlation between a
number of excited molecular states and their dissociation products
(Table 1).

Reviews concerned with the dissociation energy of CO have favored
a variety of values. (Refs. 98, 235, 70, 87, 84, 69, 151, 88, 28, 56
and others). The work of Gaydon [69], Douglas and Mgller [56], Brewer
et al. [27], and Brewer and Searcy [28] has resolved this question in
favor of the "high" value, with several minor inconsistencies still to
be ironed out.

In his review a decade ago, Gaydon [69] favored a value of D° near
11.1 eV based on application of the non-crossing rule and an exhaustive
comparison of the evidence from spectroscopy, electron impact, photo~
lonization, and determinations of the heat of sublimation of carbon L(c).
Since then, Douglas and Mgller [56] have made high dispersion observations
(0.23 to 2.5 i/mm) of the Blif-A;H Angstrom bands (including those of

13016

1sotope C ) and A;H—X12+ Fourth Positive bands. They also reviewed

the data on suspected predissociations of the A;H state concluding that
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none of these were real. This laid to rest predissociation data in
support of values of D° lower than 11.1 eV and confirmed the value ob-
tained from predissociations of the BlZ+ and b32+ states. The results
[56] also denied the existence of any appreciable maxima of the poten-
tials in CO, though Hagstrum [87] had claimed one of about 0.2 eV at
r>2.94 for the a's* state.

Brewer and Searcy [28] list as best value for D°(CO)
89460 + 150 cm - = 11.091 + 0.019 eV. The probable error is 492 cm™r.
These uncertainties are based on the value 89595&30cm—l obtained by
Douglas and Mfller [56] as an upper limit assuming the dissociation
products are C(3Po) + 0(3P2). This was in close agreement with the value
89620+50cm ~ obtained earlier [105,30] from a limiting curve of dissoci-
ation. The lower 1limit is 89325 cm‘l if the dissociation products are
C(3P2) + O(BPO). The mean of these extreme values is that given by
Brewer and Searcy. D° is defined as the energy difference between the
ground electron state of the molecule and the energy of the atomic
dissociation products in their ground states (e.g., C(BPO) + 0(3P2)).
Although it is most likely that the dissociation products are in their
ground states, the mean value given by Brewer and Searcy 1s listed here

in order

as best value/to underline the uncertainty. For thermodynamic calcula-
tions, however, ground state products are assumed to correlate with the

observed predissociation. Thus Evans and Wagman [61] have used

89595cmLfor DO(CO) to be consistent with previous usage.
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Recent electron impact work {88, 62] and shock wave experiments
[259, 132] also support a value of D°(CO) of about 11 eV.

The only spectroscopic evidence supporting a lower value of D°
is the fact of missing bands of b32+ - a}ﬂ with v' = 2, discussed by
Gaydon [69] and Barrow et al. [13] which suggests D° < 10.94 eV. This
missing structure 1s presently an anomaly which requires further
consideration. The reported observation of the 2-0 B-X band [255]
which lies above the dissociation limit is somewhat uncertain, though
the v'=2 level could be populated by inverse predissociation. Only
the early work of Angstrom and Thalén (in 1875) [See footnote in

Ref. 23] mentions a band for B, v=2; but this too is uncertain.

5.2 Predissociations and Convergence Limits

The most precise determination of D°(CO) has been obtained from
the data on predissociations of B12+,v=0,1 and b32+, v=0,1 by the
common state a'3y*(or £35%) [72,56]. In these instances, where the
rotational structure 1s broken off for at least two successive vibra-
tional levels [235], the actual dissociation limit lies close to the
predissociation limit. Furthermore, the state causing the predissocia-
tions must be bound. Glockler [84] is therefore incorrect in his asser-
tion that a repulsive state predissociates the B state.

Termination of vibrational structure in other states may indicate
predissociation [235, 221] by a state or states as yet unspecified, and
possibly repulsive. Such 1s the case for the states ClZ+, c32+, E, and .

F, for which only v=0 or 1 is kmnown.
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A dissociation 1imit may be obtained from convergence of a state's
vibrational structure or from a Birge-Sponer extrapolation (which should
only be made with caution for excited states). In this regard, the a'
and F states raise the most interesting questions (Section 5.2 e,f).

Discussion of the known and suspected predissociations, and
convergence limits follows. A summary of the predissociations is
given in Table 55.

a. Predissociation of the BL3™* State

Coster and Brons [43,44] reported a sudden drop in intensity by
a factor of two for the lines P(39), Q(38), and R(37) of the O-1
BlL+—A;M Kngstrom band. A similar intensity drop was observed by Read
[209] in the 0-O B-X band. This effect was attributed to predissocia-
tion of B12+, v=0, J=38 by some triplet state whose dissoclation 1imit
was near the predissociation limit. A forbidden transition was indicated
because the rotational structure was weakened, not terminated.

Hulthén [108] observed lines of the 1-1 B-A band up to J'=14 in
the P branch and J'=17 in the Q and R branches, but made no mention of
intensity irregularities. Schmid and Gerd [224] reported a sudden in-
tensity drop for J'>18 in the 1-0 and 1-1 B-A bands, i.e., 1-0,
P(18)>P(19); Q(17)>>2(18)]. A dissociation limit of 89620 +47cm™~ was
obtained [74,226].

Douglas and Mgller [56] re-examined the B-A Engstrom bands and
confirmed these predissociations. In addition, they established these

13016

predisscciations for C at BlZ+, v=0, between J=39 and 40, and v=l,

between J=19 and 20. (A portion of the 0-2 band of C130M6 showing the
weakening of the lines is reproduced in Fig. 1 of Ref. 56.)
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b. Predissociation of the b32* State

A convergence limit for the perturbations of b32+, v=0 1s found
for 55<N<56, and considered by Dieke and Mauchly [54] to be a result of
predissociation. Tt 1s not possible to detect the predissociation by
a sudden intensity drop because the numerous perturbations already confuse
the intensity distribution of the lines. Indirect evidence supporting the
predissociation is that the analysis of Dieke and Mauchly [54] stops at
N'= 55. Of all the branches observed by them 23 of the strongest 36
break off just at N' =55: Q(55) twelve times, P(56) five times, and
R(54) six times. No line was found for N'>55.

It is assumed that the cause of this predissociation as well as
that of Bi;t is the same -- the £35% gtate (or a'35* state). (Ref. 72,
Fig. 2 is obtained from the method of Buttenbander and Herzberg.)

Brons [30] confirmed the predissociation of b>., v=0, J=55 in his
observation of an intensity drop in the 0-1 Third Positive band. The
suspected predissociation [54,226] is found by Gers [75] in the 1-0
3t - 83H Third Positive band at N~43. The branch lines R1,2,3(41),

Q (42), and P (43) all have regular intensity; the next lines
1,2,3 1’2’3

are unobserved.
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The 1-O Third Positive band reported by Schmid and Gero [226] at

(o] [o]
2673 A [it should be 2665 A] shows successive perturbations [clusters

[} -
of lines looking like triplets] converging to a 1limit at 2628.34 (38036.7 cm

which seems to be the same predissociation limit as that for the B state
in the Angstrom bands [72]. If 1t is assumed that the perturbations are
caused by successively closer terms blending into a continuum, then

a transition from this lower limit to the a”ll state corresponds to

an energy of 38036.7 cm—l (v=0) which corresponds to Q(43). (The limit

at 38036.7 cm_l corresponds to Q(N) = 43. See also Ref. 75.)

c. Predissociation of the GL.* State
Schmid and Gerd [224b, 221] have interpreted as due to predissocia-
tion a sudden intensity drop at J=29 in band lines of the ClZ+ - Alﬂ
Herzberg bands originating from level v' = 0. This limit is about
3900 cm"l or 0.48eV above the 1limit obtained from the BlZ+ predissocia-
tion, and hence provides only an upper limit to the dissociation energy.

1.+
&

The C state lies below CBZ; for neither state are there bands with

v'>0. This would appear to confirm the reality of the predissociation.

(See Ref. 235,)

Since only one level is known for this state, nothing more can be

said about the state causing the predissociation.
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Gero [74] included in his tabulation of suspected predissociations
the breaking off in the C state of rotational structure between
93486 - 93608 em™t (average 93552 cm_l). What has proved to be an

incorrect assignment of C(lS) + O(lD) at 93335 —_— above X led Ger®
to conclude that a repulsive state caused the predissociation because of
the 217 cm.—l difference between the atomic product and predissociation

limits (i.e.)kinetic energy of the dissociation products).

d. Suspected Predissociation of the 32 State

Schmid [221] reported a possible predissociation of the 032+ state at
11.5 eV because only the v' = O progression is known for the c32+ - a3H
3A bands, and the upper level lies close to the clz+, v=0 level which undergoes
predissociation. A further reason for suspecting predissociation [77]
is that the few observed bands of the 032+ - a3H 3A system are short
and drop off in intensity rather abruptly about 10 i from the head, while
similar exposures of other bands stretch for 50 to 100 i. (Jmax in this
case, assuming T = 300 °K and 104 °K, glves ~7 and ~13, respectively.)

Because of overlapping of the 3A and A}H - XlZ Fourth Positive
bands,it is not possible to determine the exact rotational quantum
number of the intensity drop in any branch. However, from the pre-
dissociation 1imit of 15’ at 93554 cm L, the position of the ¢35 state
at 92076 cm—l, and Bo(a) = 1.9563 cm—l, the first weakened level is

found to be at J~27.
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e. Convergence Limit of the a' 2, State
The a'32+ state is known up to v = 23 from a' - X bands [101].
Perturbations of A;H identify a',v=10 to 26; perturbations of b32+ have
been identified as due to a',v=32 to 41 [234a]. Some uncertainty exists
[69,99] in the identity of the higher lying levels which are probably
3

confused with terms of the f Z+ state, about which little is known.
Rotational constants for these levels go to zero at a term value of
about 89600 cm—l above X [234a], which corresponds to the known
dissociation limit.

Gaydon and Penney [70] have applied the non-crossing rule to the
a'35+ state and concluded that this state must go to ground state atoms.
If not, then the unlikely pos<ibility arises that two BZ+ states
dissocliating to ground state atoms must lie completely below the a' state
(and have been unobserved to date). The regularity of the a' state's
vibrational levels (up to v=23) does not indicate avoidance of crossing.

Two bands earlier believed to originate im high vibrational levels
of the a‘BL state most probably originate from the otherwise unobserved
f32+ state [781. Some interactior to avoid crossing by these two

3+ 3

L+ .
.. states appears unavoidable. Perturbatiorsof the b’ attributed to
the a' and f states may arise from their Jjoint interaction (e.g.,

perturbation of three states).
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f. Convergence Limit of F(li+) State
+ -
The F(1X ) state with w, = 2112 cm 1 and extraordinarily large

WX, = 198 cm_l probably has the flattest potential curve and smallest

dissociation energy of all stable states of CO [224b, 105].(But see the foot-

note o F state in. Table 1.) A linear extrapolation gives a dissociation
energy of 0.5 to 0.6eV. Gaydon cautions against Birge-Sponer extrapo-
lations for excited states, especially when some may have potential
maxima. However, the rather large value of WeXg for the F state implies
rapld convergence of the vibrational levels.

If the dissociation products are known for F,then D° for the
X state can be obtained without knowledge of predissoclations. Schmid
and Gero [224b] correlated this dissociation limit at ~12.9eVwith
C(lS) + O(lD), which led to a low value of Do,

The details of the F state have not been published, and its identity
as lH is uncertain [69,99,147]. It was thought to be definitely singlet
[224b] because of the high intensity of the Fe—X;Z transition so that
it would dissociate into either two triplet or two singlet atoms.

Howell [105] rules out the former [but doesn't say why] and offers most

probable products as C(lD) + O(l

D). This would mean a dissociation
energy of the F state of about 4.4 volts which appears much too high.

On this basis he obtained D°(X) as 9.6eV from the energy difference
[C(lD) + OlD] - [C(BP) + O(3P)] = 3.3eV. However, using D° as 11.09eV
and the F state dissocilation limit as 12.9eV it follows that the
dissociation products are most likely C(BP) + O(lD), indicating a triplet

molecular state. This could imply a dissociation energy of the F state

of about 0.9 eV. Lefebvre-Brion et al. [148] predict the F state to be lZ+.
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The branches of a 32‘-12+ transition are PP, PQ, RQ, and RR which

under low resolution may look like the P, Q, and R branches of a lﬂ-lZ
transition. The intensity of the F-X transition suggests that probably
a singlet state mixes with the F state (if triplet) to make strong an
otherwise forbidden transition. The identity of the F state remains

uncertain.

5.3 Digsociation Energy of CO+, Tonization Potentials
and Rydberg Series

+
The dissociation energies of the ground states of CO and CO are

related as follows:
po(cot) = po(co) + IP(C) - IP(CO)-

Substitution of known values into the right hand side gives

DO(COT) = 11.091 + 11.267-14.013

°(cot) = 8.345 eV.

IP(C) was taken from Moore [166]; IP(CO) was obtained from the Rydberg
series 1limit of Takamine et al. [253], and D°(C0) was taken from the
predissociation limit in Blzf of CO [28]. (The conversion factor used
is given in Appendix B.) If the dissociation products of the ionic
molecule are known, then the dissociation energies of the various

states can be given unequivocally.
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Gaydon [69] has given a succinct review of earlier estimates for
the dissociation energies of the three known states of CO+, based mostly
on Birge-Sponer extrapolations of the vibrational levels of these states
and the non-crossing rule. These arguments will be mentioned briefly
for the sake of completeness. For the ground state of CO+, a linear
extrapolation by Biskamp [24] beyond v=13 gave D~9.9 eV, which Gaydon
and Penney [70] believed was not accurate because of its length. The
vibrational levels of the A state extrapolate beyond v=14 to~9.2 eV
[70]7. The levels of the B state beyond v=10 extrapolate to about 9.3 eV
above the X state [24,70].

There is no direct evidence as to the + or - symmetry of the X and
B states [70]. By assuming that they are both st statesl’S, it must
necessarily be concluded that the X and B states have different dis-
sociation limits to avoild crossing. The lowest dissociation products
of CO are C+(2P) + O(BP) which can form 2Z+, 2Z-(Z), 2H(2) and others.
Both the X22+ and Azﬂi states give ground state atomic products. The
B22+ state dissociates to C+(2P) + O(lD). Hence an unambiguous energy
level diagram can be drawn for the observed states of CO+ (Ref. 69,

pp 186-7).
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DX(CO+) = 8.345 eV, D, = 5,815 eV, DB = 4.654 eV using O(lD) -
O(BP) = 15867.7 em b = 1.967 eV [166]. These values are obtained
from the ionization potentials of CO using data from Rydberg gseries
[253,254] and electronic transitions in co [202b, 202a, 205]. The
values given in Section 2 are repeated for convenience: 14.013 eV,
16.536 eV, 19.675 eV. The Rydberg series limits coincide with the first
and last value; the middle Rydberg limit is 16.528 eV.

There have been numerous other determinations of the ionization
potentials of CO [129] mostly from electron impact and photoionization
[65,151,267]. Wilkinson's review [275] compares the uncertainties in the

three methods.

5.4 Dissociation Energy of 002+

CO2+ has not been observed spectroscopically but has been observed
in electron impact experiments [263,55] at 41.8eV and 45.9 eV above
the ground state of CO. Vaughen [263] has shown that the preferred
dissociation products of CO2+ should be 02+ + 0 corresponding to a bound
state with dissociation energy of 4.8eV. This value is close to that
of the isolectronic molecule BeO (4.4 volts according to Gaydon [69];
Herzberg [99] gives 3.9€/). Hurley and Maslen [111] have developed
approximate expressions for the potential energy curve for the lowest bound
state of COQ+ which use a scale factor <l multiplying the curve for
C0,X. Dorman and Morrison [55] have assumed slightly larger Te than
for CO,X and have sketched the curve schematically. No further informa-

2+
tion is available on CO? .

98




6. THE VIBRATION-ROTATION SPECTRUM OF (0

The vibration-rotation bands of CO lie at wavelengths shorter than
5 we Observed bands of the Av =1 sequence include those with v' < 5;
the Av = 2 sequence includes those with v' < 7. Overtone bands 3-0 and
40 have also been observed [40, 60]. Table 56 1ists the observed band
origins. Rotational constants derived from infrared measurements, in-
cluding some isotopic data, are included in Table 36.

Recently it has been proﬁosed [203a] that calculated positions of
lines of the 1-0 and 2-0 bands based on measurements by Rank et al.
[197, 198, 196] and Plyler et al. [192-3, 190, 194], be adopted as
secondary standard wavelengths in the infrared region. (The relative
accuracy of the standards is +0.0003 cm_l; absolute accuracy is £0.002
cm_l [203b, 196].) From these data, Rank et al. [197, 198] have derived
molecular and rotational constants. Benedict [17] has recalculated
slightly different values of molecular constants for the ground electronic
state (Table 1) which are consistent with both the infrared measurements
and the data from electronic spectra. Analysis of new measurements on
the fundamental band [17, 63] to J values up to at least 70 will provide

a good test of the uncertainty in these constants.

6.1 Av =1 Sequence

The earliest observation of (0 vibration-rotation bands were by
Lowry [155] and Snow and Rideal [241]. Fine structure of the fundamental
and overtone bands was first resolved by Whitcomb and Lagemann [272],
and for the isotopic fundamental (C12010) by Lagemann et al. [139]. Mills
and Thompson [162] have since measured the fundamental bands of 013016
and C12018 (with line positions good to #0.03 em™t). Plyler et al. [197],
in addition to 1-0, measured some lines of the 2-1 band of these isotopes.
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Benedict et al. [18] have measured the fundamental bands of the

isotopic molecules 013016, 013018, and 012018 relative to the 1-0 band

C12016 12 .16

of , in addition to making measurements on the 2-1 band of C 0™,

(Individual line measurements were reproducible to £0.02 cm_l; isotopic
line positions relative to 012016 are accurate to +0.01 cm_l and are in
close agreement with positions calculated from the molecular constants
of Goldberg and Miller [85].)

Laser action on P branch lines in the 6-5, 7-6, 8-7, 9-8, and 10-9
vibrational bands has been reported by Patel and Kerl [185] (See also

references listed therein).

6.2 Overtone Sequence and Other Overtone Bands
Plyler et al. [191] have observed lines of the 2-0, 3-1, 4-2, and
5-3 bands in the overtone region. Isotope shifts for the origin of the

2-0 bands were reported for 012016 - 013016 and 012016 - 012018.

Gold-
berg and Miller [85] identified nearly 300 lines of CO between 2.29 -
2.50, in the spectrum of the solar 1limb to J values above 70. The over-
tone sequence included 2—0' to 7-5, with measured wavelengths referred
to the center of the solar disc. Derived molecular constants are in
close agreement with the current best values. (See Refs. 161, 165 for a
listing of solar infrared O lines.) Plyler et al. [190] have measured

the same sequence. Transitions till 11-9 were seen, but overlapping allowed

precision measurements only on 2-0, 3-1, and 4-2 to J band lines near 70.
Recently, St. Pierre [273, 218] has remeasured lines of the 2-0, 3-1, and
4-2 bands with improved precision. Rank [197] has determined the 3-0

band origin from interferometric measurement of the R(6) line and use

of precisely determined molecular constants.
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Herzberg and Rao [102] have photographed the i-{ band with wave-

lengths of unblended lines having relative accuracy of £0.01 cm—l, and

absolute accuracy of 0.03 cm_l.

7. ROTATIONAL SPECTRUM OF CO (MICROWAVE AND FAR INFRARED)

The pure rotational spectrum of (0 has been studied in the micro-
wave region (wavelengths < 2.6 mm) and in the far infrared (100-600 ).
Observed transitions, rotational constants, electric dipole moment, g
factor, quadrupole moment Q, and quadrupole coupling constant (qu) and
other properties derived from the microwave spectra are summarized in
Tables 57-9. Calculated positions of the pure rotational lines of
ClZO16 have been reported by Rao et al. [204].

7.1 Rotational Transitions in CO

The first microwave study of 00 was that of Gilliam et al. [83] who
measured the J =1 « O rotational transition of 012016 and 013016.
Shortly thereafter, Bedard et al. [15] measured the J =1 « O and
J = 2 « 1 transitions and obtained a value for Do from their frequency
separations. Cowan and Gordy [48] measured the J = 3 « 2 line in the
0.867 mm region. The first three rotational lines were seen together,
and their separations caused by centrifugal stretching were measured
directly giving a value of D_ close to that of Bedard et al. [15].
Gordy and Cowan [86] later measured the three lowest rotational transi-
tions. Recently, Jones and Gordy [122] have measured the 4 « 3, 5 < 4,
and 6 « 5 transitions in the submillimeter wave region. The observed
rotational lines are listed in Table 58.
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Rosenblum et al. [215] have made the best measurements of the 1 « 0
1ines for a number of isotopes of carbon monoxide. The measurement of
the magnetic moment [215] made possible three corrections to Be for the
moment of inertia of the electrons : (a) for the non-spherical electron
distribution, (v) wobble of the miclei caused by rapid precession of
electronic angular momentum in the molecule, and (¢) the Dunham correc-
tion between Y, and B, (The magnetic moments and rotational constants
are included in Table 58.)

Palik and Rao [184] have observed the pure rotational absorption
1ines of O for J = 3 to 23 in the 100 to 600 micron region using a far
infrared spectrometer with echelette gratings of 90 lines/in. and 45
lines/in. Positions of the lines from J = 0 to 30, calculated from the
most precise infrared data [197, 85] have recently been proposed by Rao

[203a, 204] as secondary standards in the far infrared.

7.2 Stark Effect
Burrus [36] has determined the electric dipole moment of CO to be
0.112 + 0.005 Debye from the observed Stark shift of the J =1 « 0
transition. Mizushima [163] has calculated a small correction for the
polarizability Stark effect making the final value 0.114 Debye. (See
Table 57.) Rosenblum et al. [215] claimed to have determined the sign
of the dipole moment from the relative magnetic moments as corresponding

to the charge distribution C-O+. This is opposite in sign to that pre-
dicted from electronegativity differences alone. The molecular orbital
calculations of Huo [109] and Nesbet [173] have shown that the assigned
polarity C-O+ is to be questioned. (See Section 2.)
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7.3 Zeeman Effect

Cox and Gordy [49] have observed the Zeeman effect in several lin-
ear and symmetric top molecules. For CO the rotational g factor was
found to be 0.268 + 0.005 nuclear magnetons wr+ In a linear molecule
without nuclear coupling, the rotational magnetic moment is directed
along the total rotational momentum vector J but may point parallel or
anti-parallel as g1 is + or -. Here only the magnitude of gy was aeter-
mined, but it is normally considered negative (except for hydrides).
For a magnetic field of lO4 gauss the g component separation is 4.08 me/s.

Rosenblum et al. [215] have determined the molecular magnetic moments

12,16

for various isotopic species of carbon monoxide. For G 70 is 0.2691

€
+ 0.0005 7 - (See Table 58.) Burrus [37] de-
termined somewhat lower values from observation of the Zeeman splitting
of the first rotational transitions. In a field of 10080 gauss, the
separation was 4.115 * 0.025 me/s for the g components of J =1 « 0 and
4.095 £ 0.050 mc/s for J = 2 « 1, Neither case showed T splitting or

broadening which indicates no change in g factor with J. This appears

to be the first check of J independence of gy

7.4 Quadrupole Hyperfine Structure
Rosenblum and Nethercot [214] have observed the hyperfine structure
of the J =1 « O transition of ¢t%017. The observed frequencies for the
fully resolved AF = x1 transitions are given in Table 59. The value of
(eqQ) is +4.43 £0.40 me. Q equal to -0.0265 £0.003 barn is obtained
from paramagnetic studies on 017 [241] confirming a microwave value of

0.026 +£0.009 [249].
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The rotational constants Bo’ Do’ obtained from microwave measure-
ments are given in Table 58.
The electric dipole moment and hyperfine structure obtained from

microwave measurements are given in Tables 57 and 59, respectively.

g. RAMAN, STARK, AND ZEEMAN EFFECTS IN ELECTRONIC SPECTRA OF CO AND CO+
8.1 Raman Effect
Rasetti [206, 207] observed the fundamental vibrational frequency

which was excited in one atmosphere of CO0 by mercury radiation. Obser-
vation at 35 atmospheres was made by Bhagavantum [20]. Cabannes and
Rousset [38] observed the fundamental frequency and, in addition, deter-
mined the depolarization ratio p to be 0.29. Amaldi [1] reported the
rotational Raman effect at six atmospheres pressure, including the obser-

vation of 10 Stokes and 12 anti-Stokes lines.

8.2 Stark Effect

A1l experimental attempts to observe the Stark effect in the elec-
tronic spectra of CO and CO+ have yielded negative results because of
ipsufficient resolution. Svensson [252] observed no splitting in the
B-A bands of CO in fields up to 115 KV/cm using a dispersion of 4 Z/mm.
Steubing [248] failed to observe splitting in the 0" B-X bands with
fields up to 67 KV/cm, and dispersion of 5-9 K/mm. Rave [208)] observed
o shift in fields up to 250 KV/cm for the A-X bands (co%) with disper-

]
sion of 10 A/mm. From an assumed slit width of less than 0.02 mm and

estimates of the resolving power of these authors, Kopelman and Klemperér
[134] have estimated the dipole moments of several states (Table 57). To
observe the Stark splitting resolution of better than 0.5 cm-l is necessary.
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8.3 Zeeman Effect

The Zeeman effect, while important of itself, reveals in addition
the existence of perturbations of rotational levels and the coupling
case of electronic states. Zeeman patterns have been observed for three
systems: BYE' - AN (00), v’g" - &7 (00), and A%0, - X°F (00'). A
general review in 1934 by Crawford [51] on the Zeeman effect on diatomic
spectra summarizes most of the work that has been done on CO.

Theory predicts the largest width patterns for low J, with a maximum
for J = A. For large J values Zeeman displacements are generally lmmea-
surably small, except in the neighborhood of perturbations where the
lines are very sensitive to the magnetic field. Such Zeeman patterns
are large and irregular.

Kemble, Mulliken, and Crawford [128] and Crawford [50] have ob-
served symmetric patterns with displacements proportional to field
strength (up to 35,000 g) for several bands of the B-A system. Thirteen
patterns were observed out of a possible 18 for the first two lines of
the P, Q, and R branches. (Greater intensity was observed for the low-
frequency components of the Q doublets (|| polarization, aM = 0) and of
high-frequency components of P doublets (l polarization, AM == 1) for
high J.) Large displacements due to perturbations of the Aln state were

observed for J = 23 to 35.
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Watson [268, 269] has observed large and irregular Zeeman patterns.
for a number of magnetically sensitive lines in the 0-0 and 1-0 B-A
bands using fields up to 30,000 g. Very violent perturbations were
observed, especially in the 0-O band. Numerous extra lines appeared.
(See also Ref. 216.) The B12+ state, having no magnetic moment, is
insensitive to the field.

Watson studied in detail the large displacements of lines for J > 23

previously observed by Crawford [50]. In the 0-O band, for Q(12), the
A

displaced lines are strongly perturbed though fields of 10™g only in-

crease their displacement (but do not produce a Zeeman pattern). A
similar perturbation is observed in the 0-1 band. The state perturbing
AlH is either case (a) a3ﬂ [216] or d3Ai (then thought to be 3Hi) in
intermediate coupling between (a) and (b).

Schmid [236] has observed the Zeeman effect in the b32+ - a3H bands
in fields up to 29,000 g. Greater splitting or broadening was found near

the heads than at higher J. R, branch lines (with lower state 3

> Hl) are

seen as sharp triplets with twice the normal component separation. Rl

and R3 branch lines are weakened and broad. These effects confirmed the

3

+
assignment of the 27l state to case (b) by N = 23. Also, the b°%L state

already displays a Paschen-Back effect for 15,000 g.

Schmid and Gerd [223] observed all lines split into symmetric doub-
.+.
lets in the AZDi - x°s" bands of " (fields 15,000 to 28,000 g). For

H1/2 - %, all doublets reached the maximum value 2A°normal for small J.

The separation was smaller for large J in this subband and for all J in
the H3/2 - ¥ subband. Splitting was proportional to the field, and inde-
pendent of vibrational quantum number. It is noteworthy that no devia-

tion was detected to indicate perturbation of the A21

v = 5 level
(Section 4.7). %)

1
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9. MLECULAR ENERGY LEVELS AND POTENTTAL ENERGY CURVES

The potential energy curves for an electronic state of a diatomic
molecule represents the sum of the coulomb repulsion of the nuclei and
the electronic energy as a function of internuclear distance. This
function (or curve) is defined when the electronic motion and nuclear
motion do not interact directly, that is, away from the region of a
perturbation or predissociation. Reliable potential energy curves can
be calculated from the spectroscopically determined vibrational and

rotational energy levels by the method of Rydberg-Klein-Rees (RKR).9

RKR curves for several states of (0 have been calculated by Tobias,
et al. [258]. Krupenie and Weissman [138] have recalculated these using
a numerical method [271] which avoids discontinuities in some integrals.
Due account was taken of revised quantum numbering in some states, inter-
mediate coupling, and better data in several instances. There is close
agreement with previous calculations [258]. Potential curves for the
-three observed states of o* are included for the first time.

Table 74 lists the term values, vibrational quanta, and turning
points. The potential curves are displayed in Fig. 1. An energy level

diagram is given in Fig. 2.
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10. TRANSITION PROBABILITIES AND LIFETIMES (ELECTRONIC SPECTRA) |

The integrated band intensity in emission is proportional to the
relative vibrational transition probability or band strength which can
be approximated by p_i n = Re2 (r) q, where R, 18 the electronic
transition moment, and q is the vibrational overlap integral square.
The conditions under which this equation is valid have been discussed
by Fraser [67]. It is often assumed that the electronic transition
moment Re is a slowly varying function of r and that Re can be replaced

by an average Re (;v'v")’ where the r-centroid 1s given by

J Yo T ¢v" de

H1
"

I ‘l’vl "pvn dr
When Re fluctuates conasiderably (perhaps even by a factor of 5) then
the Franck-Condon factor q becomes a poor approximation to the band
strength, and the validity of the Born-Oppenheimer approximation breaks
down.

The origin, properties, and methods of computation of r-centroids
are discussed fully by Nicholls and Jarmain [180]. Detailed discussions
of the concepts involved and the work done on numerous molecules can
be found in a series of reviews [133, 242, 174, 175, 181, 178].

Evaluation of the Franck-Condon factor, the dominant term in the
band strength, depends on the potential energy curves of the states
involved. In virtually all cases (for CO and CO+) Morse functions have
been assumed. Tables 60 - 72 summarize the numerical data on Franck-

Condon factors, band strengths, r-centroids, and I (= pv'v") for =
o0

}‘Av tyt
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number of electronic transitions in CO and COjG wifetimes and oseillator
strengths f for several transitions have been meamured (Table 73). The
experimental work and calculations are discussed below (including for
some transitions, determination of the functional form of Re)' The

few quantitative measurements of band intensities are mentioned.

1

10.1 AM0 - x!5F Fourth Positive System

Franck-Condon factors q have been calculated by Nicholls [178]
(Table 60a), and r-centroids have been calculated by Jarmain et al,
[113] (Table 60b). Other less extensive calculations of q are in
substantial agreement with the above values, except for some rough
estimates [195] for high quantum numbers which differ by more than a
factor of 10, Nicholls [176] has shown from visual band intensity
observations that Re should be only weakly dependent on r for a mumber
of bands with v' =0 to 4, so that, for these, p is well represented
by q. Silverman and Lassettre [238] have reported good agreement
between the experimental relative intensity for the v" = 0 progression
observed by electron impact with those obtained from Franck-Condon
factors [113] corrected for band overlap. Lassettre [141] has indicated
that more recent measurements with lower energy electron bombardment

(and greater resolution) glve poorer agreement.
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10.2 Blzf - Aln Kngstrom System

Ortenberg [183] and others [150, 14, 211] have calculated Franck-
Condon factors (Table 61) in substantlal agreement with one another,
by assuming Morse functions with w x_ estimated (23 - 27 ex *), These
values (some with v' up to 11) are all rather uncertain because no
level of the B state has been identified with certainty for v > 1
because of predissociation. Robinson and Nicholls [211] have calculated
r-centroids, p, and Ioo (Table 61). Robinson [210] and Robinson and
Nicholls [211] have measured relative intensities for the 0-0 (8.2),

0-1(10), 0-2(3.2), 0-3(5.3) bands of the v' = O progreasion. Rérﬁ

is given const. (0.768r° - 1.745r - 1) for 1.12 & < r < 1.19 &

and is almost independent of r 1n this range.
10.3 Clzf - AlH Herzberg System

Leskov [150] has estimated q for several banda (Table 62) assuming
a Morse function with uexe' estimated as 18,07 cm_l. These values are
uncertain since only the v = 0, 1 levels are known for ClZ+.

10.4 b°5 - a°l Third Positive System

The absence of any recorded bands of the b-a system for v' > 2
prompted Barrow et al. [13] to look into their intensity distribution.
From assumed Morse functions, and the use of the Pekeris relation (Ref.,
99, p. 108) an estimate was made of g relative to q(o-o) and compared
with their measured relative integrated band intensities. Comparison

of intensities with q showed that Re varies significantly with r.
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Uslng a crude vibrational temperasture and the ratio 9 (2-0) s an
estimate was made of the relative intensity of the 230 g;gé to be 0,023
times that of the 0-O. A very long exposure at the expected wavelength
of the 2-0 band showed no sign of a violet-degraded band, thoughk some
overlap by A-X bands prevented a categorical denisl of the existence

of the v' = 2 level.

The 2-0 band 1s thus much weaker here than expected. If this be
due to predissociation, then D°(C0)< 10.94eV. If the perturbations of
b, v'! =0, 1 extend to v' = 2 i1t 1s not clear how this could suppress
the band completely [13]. Tt is suggested [13] that further study of
b levels be made from the b - a and b - x systems in 012016 and 013016
to clarify this contradiction with the accepted dissoclation energy.

Values of q, r-centroids, p, and {n have been calculated [210, 211,
179, 256, 183] (Table 63). R, (r) 1s given [256] as const. (0.943r - 1)
for l.OBK <r<1l.16 K, which confirms the large fluctustion observed
by Barrow et al. [177]. In view of the crude approximations (estimates
of ugxe) ;nvolved in determining the potential functiona, it is suggested
that the tabulated parameter be accepted with considerable reservation,

since the b state 1s predissociated. Schwenker [237a] has measured the 1life-
time of the b-a transition and calculated the oscillator strength (Table 73a)

10.5 a' 25" _ a7 Asundi System
Jarmain et al., [114] have calculated Franck~Condon factors assuming

modified Morse functions (Table 64).

10.6 a3H - xlz? Cameron System

Jarmain et al. [114] have calculated q's asmming modified Morse

functions (Table 65).
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10.7 b5 - x'S" Hopfleld-Birge System
Nicholls [178] has calculated q's for the first two v' progressions

(Table 66).

10.8 a' 23" - X'S" Hopfield-Birge System
Nicholls [178] has calculated Franck-Condon factors for a large

array of these transitions Table 67).

3

10.9 d3A1 - &’ Triplet System

Pillow and Rowlatt [188] have calculated I (= Pt /XA) from the
[e0]

V"
deta of Herzberégggy using Pillow's distortion method and implicitly
assuming that Re is constant. Approximate mean wavelengths are quoted
for the Triplet bands. Singh and Jain [239] have calculated q and 2»
from the same data as Pillow and Rowlatt, but assuming Morse functions.
The two sets of values of zx diverge from one another for v' > 5, with
the Morse-based values preferred. Herman and Rakotoarijimy [93] have
made measurements of the relative intensity of emission bands of the v"
= 0 progression observed in a high voltage discharge in CO diluted in
xenon, and have calculated the Nv' distribution. It 1s shown that, in
this discharge, resonance excitation due to collision with metastable

xenon atoms selectively populates the v' = 6 level [In the above,

corrected vibrational assignments have been used].
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Singh and Jaln [240] have calculated q and r-centroids after
having determined that the Morse function closely approximasted the
Rydberg-Klein-Rees (RKR) potential over a mmell range of v. (Their
q's are essentially those of Ref. 239.) Assuming Re is approximately
constant, they obtalned I°° from the Franck-Condon factors and estimates
of N_' comparable to those of Herman [93]. All the above refersnces
uge v' one unit lower than the revised numbering used here. This makes
the numerical results somewhat uncertain. In any event, the assumption

of constant Re is untested. The values of g, r-centroldes and ;m are

given in Table 68.

10,20 420, - X5 (60*) Comet Tail System

Bennett and Talby [19] have experimentally determined the oscillator
strength [£] for this transition, which was derived from the obamerved
spontaneous emission lifetimes of several vibrational levels of the
upper state. These quantities are given in Table 73. The lifetimes
decrease slightly with increasing v', but are independent of CO pressure
over the range O.24 to 6p. Constant R 1s assumed here.

Arrays of q, r-centroids, p, and ;w have been calculated [212, 177,
243, 114, 41] (Table 69). Robinson and Nicholls [212] have measured
relative band intensities photoelectrically. Absolute variation of
Re(r) 1s obtained [260, 265] as 43 (-1 + 1.73r - O.74r2) over the
range 1.10 K <r<1l.,21 X (a fluctuation of 20 %). The Einstein 4
coefficients, absolute band strengths, and band oscillator strengths
were estimated (Table 73) [177] for the A - X bands by combining the
lifetime (’t;) measurements of Bennett and Dalby [19] with the relative

band intensities of Robinson and Nicholls [212] for & mmber of bands.
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Spindler and Wentink [243] have obtained Re =1,077 £ 0,021 Debye
independent of r between 1,074 < r < 1.1842 by using the lifetime
meagurements of Bennett and Dalby.[l9].The disagreement between these
two determinations of Re is attributed [243] to possible systematic
error in the intensity measurement by Robinson and Nicholls [212] due
to reglons of strong overlap. This discrepancy together with the
non-constant 1lifetimes QQ' from the 2 - 0 and 2 - 1 and also the 1 -1,
and 1 - O bands [19] makes desirable a recheck of the A - X Comet Tail
system, (The calculated Einstein functions of Ref. 243 differ by a

factor of 2 from those of Ref. 177). The calculated absorption f

munbers disagree by a factor of three.

10,11 B%' - ¥ (CO*) First Negative System
Nicholls [177] has calculated a large array of Franck-Condon factors
and r-centroids (Table 70). Lawrence [143] has measured lifetimes by
means of the phase shift method and obtained Elnstein coefficients

and oaclllator strengths for this system (Table 73). Schwenker [237al,

using a more conventional technique, has also measured the lifetime of
the B state which is about a factor of 2.5 smaller than that of Lawrence
(Table 73a). The discrepancy between these two values has not been
explained.

2

10.12 B Zf - A2Hi (CO+) Baldet-Johnson System

Nicholls [177] has calculated Franck-Condon factors and r-centroids

(Table 71).
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10.13 Ionization of CO
Wacks [264] has calculated Franck-Condon factors for ionizing

+
2Hi, and BZZ states

transitions from X'g (0), v = 0 to the X°%", A
of (0" using Morse functions (Table 72). In his consideration of

ionization efficiency curves, it has been assumed that Re(r) does not
fluctuate. Halman and Laulicht [88a] have since made a more extensive

calculation for three isotopes of CO (in all cases assuming Morse

functions).

10.14 Miscellaneous

Integrated oscillator strengths for the A-X, B-X, and C-X transitions
in CO have been obtained by Lassettre and Silverman [142] from inelastic
electron scattering (Table 73a). Absolute f-values for bands of the
A-X and B-X systems have been determined by Hesser and Dressler [102a,b]
from measured radiative lifetimes and previously calculated Franck-
Condon factors [178] (Tables 73a, c). The sums §'fv'v" confirm the
magnitude of the integrated f-values [142].

Fox and Hickham [165] have measured the relative ionization
probability to be La) = 0.2. For the CO continuum between 880 X - 374 X,

1(X)
the f-value is 2.8 [251].
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11, SUMMARY AND CONCLUSION

The aims of molecular spectroscopy include the determination of
energy levels, molecular constants, potential energy curves,
elucidation of the electronic structure, and the determination of
transition probabilities. The status of our knowledge of these
properties of CO and CO+ will now be smummarized.

Precise measurements were made years ago on bands of the
B - A system, and more recently on the a' + X, e + X, d *a, E +X
systems and the three transitions of the ion. However, for several

of these, only a few vibrational levels have been carefully studied.
Work is in progress on analysis of high dispersion measurements on

the A-X, e-X, d-X, I-X, and a'-X transitions [100, 238a]. Definitive
measurements have been made of the lowest pure rotational levels

(XIZT, v = 0) and for the lowest vibrational quanta (IR) in the
electronic ground state. From these data, precise molecular constants
have been determined which, together with the well-established
dissociation energy, characterizes the XIZ? state as the best known for
CO. However, even for this state, the vibrational levels (and
potential energy curve) are known only halfway to the dissociation
limit.

Much is known about the states lying below the first dissocilation
1imit (11 eV), the glngular exceptions being the fBZ? and I;Z- states,
For most states lying above 11 eV, including a1l Rydberg states, the
symmetry type, multiplicity, electronic structure, and dissociation
products are unknown or uncertain. No Rydberg series have been observed
in emission. Quantitative data are not available for any repulsive

state.
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Isotopes should be used to make unambiguous all vibrational quantum

assignments. Critical re~examination of perturbations is needed,

3

+
¥ , to unravel the overlapping

'32+ and f3

. .. 1
especially those pertaining to A7ll and b
. . +
structure of various states. Terms of the a ¥ states near
the dissoclation limit have not been separated. Franck-Condon factors
based on Morse functi wave been calculated for many transitions, but
these values should be considered tentative. Quantitative intensity

measurements are virtually non-existent.
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State

1.+ .

g

()

a’ll :

a)

(b)

(a)

Footnotes to Table 1
D° = 89460 + 150 cm-l = 11.091 eV; uncertainty in D° is due
to uncertainty in the multiplet components of the dissocig-
tion products [28]. Observed predissociation limit is
89595 + 30 em T (56]. Binding energies of the excited
electronic states are referred to the value 89595 em L.
(See Section 5.1.)

_ -12
H, ~H_ =5.85 x 10 [17]

T, has been calculated assuming atomic point masses. Cor-
rections for non-spherical electron distribution and wobble
stretching reduce this value by -0.000091 em™T [47, 215].

Uncertainty in the value of h probably makes any determina-

tion of r, uncertain in the sixth figure.

Herzberg [99] considers the state reported at 38820 om ¥ to
be spurious. Pearse and Gaydon [187] include it in their

tabulations. (See Section 3.12.)

The value of w X, is from Wolter's vibrational analysis
[277] of the b-a bands. w_ is 1743.55 cn™* and is listed
incorrectly by Herzberg [99]. There appears to be a typo-
graphical error in the value of Be listed by Herzberg. It

can not be 1.6810 cm_1 since Bo is 1.6803 cm_l.

A=41.3 emd [32b]

AG(%) = 1714.61 en™ T from band origins [201]
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L

dAi:

e gy

(e)

(b)
(a)

T, = OO(O—O) is calculated [101]
-5.1 x 10—6 cm_l [101]

O
A+ 3y = -1.13 [101]

Schmid and Gerd [234a] list term values obtained from
perturbation data to v = 41. It is not certain that all
these perturbations are due to the a' state; some may
originate from the f state.

o_(0-0) is calculated to be 6879.9 cm .

A, =-15.6 em L Y =-11.8 et [40, 82]

OO(O—O) calculated from band origins with v' values [101]
ralsed by unﬁy [238a]. Rotational constants have also
been recalculated in this way.

A+ Y = +0.84 cm.1 {101 |

Provisional constants for this state are based on perturba-
tion data [52] and recent observation of the I « X bands
[100]. Analysis of these bands is not yet available.

Howell [105) assumed that the I state dissociates to “D + <D
which gives D° ~ 6.5 eV (too large).

Reality of a state at this energy (<66230 cm—l) is uncertain

[140].

Vibrational assignments for the two bands attributed to this

state are unknown. The term value of this state is uncertain.
It seems unlikely that the bands observed in Ref. 78 originate
13t

from the a state. (See Sect. 3.16.)

b2



b’y

(b)

(b)

Herzberg [99] lists aG(%) = 2198 cm“l which is taken from
[75]. Jevons [117) lists 2214 cm ©. Schmid and Gerd [226]
list 2109 em ', Asundi's data (4] gives 2213 cm_1 from band
head measurements. The value listed here [2188] is taken
from [146] who also obtained the rotational constants listed
above. (Herzberg lists Be = 2.075 cm_l, a, = 0.033 cm—l
which are taken from [226].) A1l constants for the b state
are obtained from the perturbed structure and are uncertain.
If the identification [255] of v = 2 is correct then the B
state would tend to dissociate to 1D + lD with an apparent
D° of ~ 4 eV. It is, however, predissociated by a 3P + 3P

state.

Jevons [117] lists w, = 2182, w X, = 50, but gives no refer-
ence. Only the AG(3) given above is precisely known. Using
the data of [224, 255] gives approximate values w, = 2164,

wexe = 41 from which the ZPE was estimated.

Herzberg [99] lists w, = [2133]H but gives no reference to
observation of v = 1. Jevons [117] lists 2133 as AG(%).
Herzberg [99] lists w, = [2134]H which is the same as Jevons
[117], but no reference is given for v =1. Tilford et al.
[257] have observed a band head about this distance from
heir E « X, 0-0 band.

BO for this state i1s obtained only from the H+ levels

(A-doubling is very small) [257].
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- F

a(tm) :

s

(a)

(p)

Though only one band has been reporiea for the F-X transi-
tion both Herzberg [99] and Jevons [117] 1list w, and w X_
as given in the above table and listed the state as r(lm).
The extraordinarily large WX, indicates that the vibra-
tional levels of this state converge rapidly; its D° by
linear Birge-Sponer extrapolation is ~ 0.57 eV which sug-
gests dissociation products 3P + lD. This would require
the F state to be triplet. Dissociation to lD + lD, if it
were a singlet state, seems unlikely for this requires p°
~ 2.2 eV (too high). Lefebvre-Brion et al. [148] have
theoretically calculated a Rydberg state at this energy to
be (possibly) Ty . If F is triplet, then there must be
SUTonE Wmixing with a sligleb Stals LY saplalu vhe greab
intensity of the F-X transition.

Only one band is reported for the G-X system. Herzberg [99]

lists w_ = (1097), but gives no reference.

Tanaka bands: TO = OH(O—O) for transition from the ground state.

+, +
XZZ (c0'):

A2Hi(CO+):(a) Spin-orbit coupling constant A = -117.5 cm

(b)

B2j+(00+):

co :

+

(a)

D° = 8.345 eV
l[202b, 205]
p° = 5.815 eV
O
D° = 4.654 eV
Untertainty (£30 em T = 0.004 €V) in the first ionization

potential of €O [253] introuduces comparable uncertainty in

the absolute values of Te and TO for the states of 0. The
relative term values for these states, however, are probably

accurate to within a fraction of a cm—l.
)13



(b) A state has tentatively been identified at T = 25.6 eV

in electron impact [151] and photoionization [270]. A
state at this energy would not correspond to removal of a
35 electron.

Two states at 41.8 eV and 45.7 eV, respectively, have been
dsatected in electron impacts experiments [55, 263] but

have not been detected spectroscopically. Hurley and Maslen
[111] have calculated the lower state energy to be 41.17 eV.
This is very close to the value 41 £ 3 eV (109, 173]
caleulated for the removal of a 3g electron from CO.
Dissociation of the lower energy state into C2+ + 0

indicates D° ~ 4.2 eV.

2y
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Table 3. Band heads of the A'll-= X'3* Fourth Positive system (R)

(a) Emission

AA) ¢(em?) T v REF
279947 3570842 9 9-22
278544 3589043 8 4-18
2742 46 3645047 6 11-23
274040 3648640 4 7-20
2712,.1 3686065 4 6-19
2698430 37049.38 6 13-24 Ny
268440 3724744 3 5-18
268048 3729145 5 9-21
266249 3754148 4 12-23
266145 37561e7 4 15-25
265946 375875 4 4-17
263040 38011e4 6 11-22
2598431 38475405 4 10-21 73
2594 45 2853145 1 16-25
2567 8 38932,8 5 9=-20 .
2556403 39111451 23 12-22 95
2538 46 3937G,7 4 8-19
252441 (39606, ) 4 11-21 DE
252148 3964247 3 14-23
250949 39830, 1 8 7-18
2492 486 40102442 R 10=2n <3
248248 4024848 3 6-17 )
2463422 40585412 10 9-19 73
2458 40 4067145 2 5-16 o
2433,9 4105745 = 8-18 4
2424420 41238416 5 11-20 Ty
2407456 4155240 7 7-17
2354 ,2 4175442 3 10-19
22923,1 4177349 4  13-21
2281le6 4197543 6 6-16
2265447 42261495 5 5-18 9y
235645 L242243 4 5-15
2237455 42759448 7 8-17 13
233245 . 4266040 3 4-14
2311.§n 43249.27 8 7-16 93
2309, (43282. ) & 3-13 DE
230167 (43433, ) 2 10-18 DE
228641 4372845 7 6-15
227345 43963 ¢4 3 9-17
22722 43994,0 1 12-19
226147 4420040 9 5-14
224742 LLLRE 6 7 8-16
223843 G4LEE248 e 4-13
222145 4500164 10 7-15
221548 4511549 3 3-12
219648 45506¢4 10 6~14
21944.0 (45565, ) 6 2-11 DE
218841 (45687. ) 2 9-16 DE

e ¢



Tadde 3 (). Q_ni-)

ACA)
2173401
216146
215042
213740
212843
2113407
210742
‘208949
208649
2067471
204643
2034 435
203147
202548
2011.8
200548
"1990,89
1970408
1950,07
1939412
1930470
1918408
1912 .8
1897 .83
© 189142
1878,33
1870432
185G 441
185041
184647
1841447
1829481
1825438
1810482
1804471
1792428
178449
1774490
1747420
1743412
1729425
1723479
1712419
1705416
1704430
168449
1669468
1653402
1647490
1630 640
1629461
162344
161541
1611426
160343

4934748

o Cesimt)
46004467
(be248s )
4649246
4677949
4697141
47309451
4764063
4783440
4790145
48347.,17 10
4885249 10
4914040
(49204e )

—
O 4 DoWm®®oH

4969046
4983548
5022848
5075943
5128042
5156949
5179448
5213544
5227949
5269146
(5287645)
5323849
G3us6Te4 )
5378044
5405068
(5415046)
5430446
5465066
5478341
5522348
5540948
5579147
5602648
5634143
5723444
57368e4
5782847
5801149
584047
5864547
5867542
5935040
5989148
6049545
6068344
6133446
61364et4
(6159941
(6191547 )
6206343
(62371e4)

F—‘\\DT\)F—'UJCDJ-\\J-L\P—‘[\)‘JJDT\)\IHJ—\‘.))D—‘mf\)CDh—-—‘l-\b-'\)?——'\J'\\o)\lO\-l-\i—‘l'\)u)f—")bu)l\)“)‘lmu’)r—‘«‘-\

i+@

209

90

%o

90




Taber 3(a). (en Lotsd)

AAD 6 last)
1597414 6261148
1595460 626724
15764567 6342540
1560614 6409649
1559447 6412444
154543 6471248
1544 ,2 64758,
1542434 6483644
1524,2 (651204 )
1527452 6£5465,5
1525475 6554146
1520e4 (65772 )
151547 65977.9
151064 6620643
1509466 6624040
150648 (663664 )
149748  (66764s )
1492,60 6695243
148840 (67204, )
1480,7 6755646
1477 448 ATHRD L9
1475, 677784« )
1473,0 %JSBQ. )
146344 682332,2
1452417 6886245
16447,27 69008 ,4
144347 (692664 )
1435,23 65572490
1425,79  70127,2
Al c.TT 77‘47\"‘\’)
14164,6 (77721, )
141144 (70882, )
1408 ,R6  70070,6
1401402 7137645
1295,7 (71643, )
1391407 71813.8
1284,00 7225442
1377475 7258242
1272, 7 7279641
13715 (729974 )
126R .1 (73000, )
176142 (73480, )
]’JC:‘FL‘ 717[7\2.('\
1382,6 (72077, )
1239,n (74A87, )
1335,0 (74994, )
131640 7598647
1239,.7 7696547
1281,% 7809144

1

T e e e 2 T S e N 0 s N D T e e D ks s D 2 e O N NI DN W RO N N W = N D N D | 2o~ N o

I

R

V-v

0-1

6-5

2-2

1-1*

43

6—4b Qo
0-0¢ 55
3-2

8-5 L
5-3

2-1
12-7 L
T~4 9c
4-2 90
1-0

3-5 L
6~-3 L
3-1

8-4 L
5-2

2-0 fo
12-6 L
14-7 L
4-1 90
6-2

3-0

g-3 L
£-1

-2

4=

11-4 L
11-5 L
5-1

8-2

10-3 [
50

7-1

()_2

11-2 9o
17=-4 L
6-0N [y
f-1 [
10-2
12-2 L
G-1 L
11-2. L
10-2 9o
11-1 %
12~1 90

(o]
Air wavelengths above 2000 A mostly from Estey [60); vacuum wave=

[e]
lengths below 2000 A mostly from Read [209). Inaccurate head measure~

ments by Deslandres = DE, and Lyman = L are taken from Ref. 23 and

indicated here by parentheses ( ). Original measurements of Read [209]

and Headrick and Fox [90] were all in vacuum.

(a). Position calculated by Read [209], head obscured

(b). Quantum assignment by Read [209]; band observed by Headrick

and Fox [90]

(¢). Absorption [255]

Vg



(b). Absorption

R ) .7 l"-l
3 A -1
s, A ey,

64758 6  1597.3 62606 3
66234 7 15601 64098 2
67682 7 15268 65496 3
69089 8 14939 66393 4
70467 10 14635 68329 7
71808 8 14353 69672 10
73115 7 14091 70967 9
74390 5 13842 72244 9
75637 3 13608 73436 6
76840 2 13388 74694 S
78003 1 13178 75884 3
79139 1 12986 77006 2
80244 07 12801 78125 1
81314 04 12634 79151 1
82352 03

83347 0.1

84310 007

85237 005

86118 003

87742 002

Data taken from Tanaka, Jursa, and LeBlanc [255]. (Birge, Nature
124, 182-3 (1929) referred to measurement of the 0-0 to jr-0 transi-

tions in absorption by Hopfield and Birge; details were never publishe@.

{lo
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1

Table 5. Band heads and origins of the Alﬂ -X 2+ Fourth Positive
gystem of 013016 (R)
(a) Emission
AH’(;:) %((b:“} GB(CM-") viey”
26138 )382v2.3] 382340 | g-20
156y 130982 1398972 | so0- 21
25535 139050.8 1390437 | 618
25353 3993y | 3%yz20.0 q9 —20
2507. 2 39873.4 | 39961.3 | 8~19
TYb3, 2 Yorge |¥os o6 1o -20
2yry. v | 40133y |90919.0 £-12
2429, 5 Y7548.0 [ 41339 J-/e
2405 7 L YIs5 S. 9] Ylisyoy el A
2368. 3 [PRX Y2201 lo =19
23 5é.0 Yay3ly | 424,8.9 6~/
23y0.8 {27077 424097 9-/8
2321.9 |y26r0.2 | 4188 £— s
23y, 3 4319) L4318 Q-11
2 308. L Y3302.2. | 4320p./ Y14
1rby.) beirdy ¥ 44yl 615
1140.b Yulis,) | yhdoy.y 5=y
12160 bup9é. 2 | Gu9gé.s 8-14
2147, 9 Y5o0q31r ]| 4ivio.n -3
212pl. 9 Yryor w391 7-ir
217Q.0 Yr9c0.0| 49892 -1y
2i55 0 | 463302 4437¢6.8 <13
2133. 0 Y6968.L | Héoris | u-1v
tf20.3 | 721989 | 472139+ 2-14
T/, Y13y0.y | 1323274 3 -1y
2097.0 | 4623 | wrteri} b-43
209/ 3 4780} 4272950 2 ~/0
2029, 7 48i842 | @35 | Svnin
2053.2 | 40489y |48 628.3 ) ¥ ~1e
103z 4y Y9:%. 4 12y | 3~10
2020.8 | 49469 | y9yr9 | 6—12
20j2.5 | 49w} 49fbr] 2-9
{799.8 fuoveorl. 2 498904 | S -1
1978.8 | Josira | Jorawt | y~y0
(958, ¢ Siore.7 | Sioyst ’-9
Data from McCulloh and Glockler [157b]
132
V32
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* GPO : 1962 OF —840408

(b) Absorption

Y, (A) | oyeny] z vy
IJi0.5 ff{z202 [ 1-o0
1478.% {2622 [4 2~0
Iyyq.z |E8999 8 1-o
lyaty 70352 /o Y-~o
1335y 71 48y 7 5-0
13708 |22950 8 {-o
1347.2 24 200 S 7-0
13260 25Yir Y 8-o
1305.3 2641 3 )
1296 > 77148 2 /o -0
12479 78883 i //I—o
(506 | 79362 ! (2 -0
[23y.2 B/oru 0.8 /]3-0
(11!9.') Baoy8 0.6 Ju=o -
[204.4 f3029 0. {1~ 0
— — — /-0
1172.8 84 g0y O.1 /172—~0

Data from Tanaka, Jursa. and LeBlanc [255]

133




Table 6. Band heads and origins of the Biy' — AN Angstrom system (V)

eV IR v —eweeee

AR | Cemd) T LAV B Gy | Ny
(62034 | i5100.8 7 o~5 25 157072 29
£298.5 |is87:2 2 [ =& 2 —

6029.94 L 16yy3.0 9 0 - 29 16vvq.8 2 g
$8r72.0 112186 2 (/=5 7 -

561045 |12619.9 /0 o -3 29 1782722 | 29
539725 |85z z = Y _

5198.22 | [9232.0 /0 ‘0~ 24 192403 29
So/1r. 0 19925 / J~3 9 —

4835 2y | 21067574 /o o-/ 70 20682.1 e
Y697 2728y z /-1 v —

Y080 | 2b26s /o 0-0 Zo 21171,2 7o

4392.91 ] 227r7.08 i / =/ 25 21243,9 20

Y123, 55 |2429y.03 7 /-0 Za r9¥257

Data from Johnson and Asundi [121], Schmid and Ger® [224], and Birge
[23]. The latter reference lists the band head mea}surements of Angstrom
and Thalen which date from 1875. Intensities are primarily those of
Pearse and Gaydon [187]. Duffendack and Fox [53] list a band at 4209.0 1

as previously given, but this band is not further identified.

13y




Table 7. Band heads and origins of the Bl):+ ~ A system of 013016 ()
Ma(r) | Gplewy] viur | 7o Glewd| 1o
LirrSw | 1F2uso 0~5 I1s?d- Wirzubg | 15204
603808 |/6556.98) o-¥ Is2a_ Biisesc 1524
5583 06 }172906.3¢y | 0-3 1572a 17913.5 1y2.4-
$182.7) 1928855 | o0-2 $¢ 1929 7.00 5L
44 28.50 | 2070v.405] o0 - ¢ 207)2.50 4
4396.0t l227y1.28 | 1=/ st 22749.76] 5¢

Data from McCulloh [157a], McCulloh and Glockler [157b], and

Douglas and Mgller [56].

i

NBS 506—Analysis paper Table 8., Band heads and origins of the Cl):+ - All'[ Herzberg system (V)

* GPO : 1962 OF —6404068

AB) Lot T vy |l |G ()|
57059 | 17720.9 0 0-7 97 [7r26.b a
$318.y 18797, 4 / 0-4 97 12803. 4 2
Y472.4 291038 z o—f 72 20/10, 2 [
ybli b8 J214yruy s o-Y 22Y 2452, 3 &
4380.27 22823 21 2 0-3 22y 228305 | 121
4iiro} 24135 42 7 0-2 21y 24243 2 121
78 93.20 [z 567855 7 0~/ 224 2568¢.) | 1
3680.0b 2714501 y 0-0 L2y 2717947 | 224

(a)

Herzberg [97].

Intensities are those of Herzberg [97].

Calculated from the band heads

Data from Johnson and Asundi [121], Schmid and Gerd [224], and

T




NBS 506—Analysis peper Table 9.

Band heads of the Hopfield-Birge systems

* GPO : 1962 OF — 640486

Trangitlion AA) | (cwd] vy | Rer
@ | BiTet=>Xir*|1209.90 [826r8.3 | o-2 209
1179.59 |Qu1s. 2] o~/ 20%
so. 5218691723 0~0 209
J113. ¢ Q94000 [=0 258
1019.9 9,000 2 -0 254
Data from Read [209] and Tanaka, Jursa, and LeBlanc [255]. Fne
identification of the 2-0 band is uncertain.
(&) |G T <> xtet] 1113.89[8977m9] o~/ 209
/08786 | 9/9213.¢ 0~0 209
(063.18) | 9uoré. 6| /-0 79
Data from Read [209] and Herzberg [99]. The position of the 1-0
band is inferred from the AG(3) value listed by Herzberg [99].
() E'T > x's* | /07b08] 9293003 o—0 257
(torn¥ | Guger /-0 257

Data from Tilford, Vanderslice, and Wilkinson [257]

(a) origin; (b) head

. o -1
The 0-0 band head has been observed [255] at 1076.1 A, 92928 cm ~.

(J

F(’Z"/ﬁ— X"Z* Joo7.7 991730 O—Db /oy

(985.8) % | soruro [—o /17

91.0% | o270 ) {17

Data from Hopfield and Birge [104] and Jevons [117]

(a) 1-0, 2-0 band positions inferred from vibrational constants

listed by Jevons [117] and Herzberg [99].

(e)

G(ln)TX1Z+ 949.97 | for26t | o-0 /o &

Data from Hopfield and Birge [104]

I ¢
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* GPO : 1962 OF — 640486 T"HC q- ( Co h'Hh V&J)

Trans biown 1 AR | et v-ve | RY
(‘f) /6’Z+<|—> X1Zt| 11931 | 83812 06-0 /ol
(134.0%] 88 137 2 -0 -

[255]. Herzberg [99] 1lists (1192.9 1), 83831 cm

for 0-0.

Observation of b, v = 2 has been reported.

Data from Hopfield and Birge [104] and Tanaka, Jursa, and LeBlanc

(a) Uncertain identification of a very weak band. No other ]

Tahle 10 Rond hcade and orig:

R L
~ aae VLR Al WL vuc a

system (R)

T Ot
» ; g YV
1063 [ . ~1
[A18%} a8 e ;“
il E Smia e i : g
Ay 00803.64 ‘
$3ee 193 Gllﬂ.a ! N
et 63379, 44 .
lr_’:’ ot (m,g - .
P 68493, ;
st g (cmolg . ! .
o w0 '
'!l!.o -'_.‘ ' ‘.‘.‘: K
1y Tose Re e ;
NITTSY 104 ! ' .
- - - me
ey | reese’ 0 74833.04
o | TR vema | R
oy | T “. '
1190 Ll g " "‘__7._ a ! ]

Data from Herzberg and Hugo [101]
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I- X's" Cameron system (R)

Table 11. Band heads of the a
(a) Emission
Bt g AA) [Fa) | T viev' | 12y AA) | )| T viev | iy
R, 12582, 2 | 38715 / -2 2453 | 44390 / 2~ 5"
Q2| 2580, 2 | 38745 2 2413, 5 | Y1yaq L]
R2l2579.1 |*8r142 2 12,57 | yud2 3l 2 20|
&3/2522.7 | 38,43 3 PR e !
Ry 25753 [38845 0 |2llo?.1-. Hiy 985 I
—— # s ——— _ _
R,| 25602 | 39048 t 37 2394,0 | Y 2uy I /—y
dy2568.2 | 39078 . 23921 |%1712% 2
R,|2557.1 | 35095 T 239209 | 97875 2 o)
812 555|390 2 [ 23911 |4rg0g /
Rylzsss 3 3952 0 2388.8 | wioqg | !
R |25386 |39%80 | 1 . 2-¢ 23749 |42053g| 0 | 03 | 2o
€,(2536.7 |39w09 - | 23733 (4223 I
Rl2s3s56 (39427 pa ! 372,37 |42134. 0L ! 20|
G| 25 3¢, 5 | 3994y / ! 227/, 1 |Y2udo 0
Rpl25 319 | 39484 o 23690 | w2199 o
; .
Ri|28:7.8 |39705 / -5 — — — 1—2
G| 2516.2 (35721 2 22805 | 43437 o
Riltsry, 4 [3975 T 22719,65 ‘/3851.81_ @) 2ol
a;[%513.1 390 ! 1278.5 |43g15 | ©
230 25/0.9 (3984 0 22770 |y390q0 | ©
K |24925 |vo028 I o-Y4 - - o-2
Q2ZHYT ) | 40057 ! i { 2261, 2 Yy 2y
Rif 29944 (40078 ! ‘ { 2260 07 |44 228,94 -z_or_
QBiTY92,9 [9210: { ; - 2154, 5 | by ryy
4 r44q/ o131 — ; 97 LL57,7 | w2y
’1
Ri|*57.9 | 9cer1y 2 = A — — c—/
X Lure o | yooy Lo — 1
R 29570 | 40124 2 2i57,09 | 463uwine 2ol
Gl 2ysdg | 49139 ’ ] — |
R3l 24,8 | “onry o — |-
K jrH%e.2 | 41035 o 3-6 - - o)
Q2| 24345 | 1006y | — | - A
Ry[r933,4 |4i082 I 206177 | 4 8ugé,40 20
& |rv32.4 |09y o | — | -
R3] Tu30,3 4 35 0 PG | - =



Fowbmok F T alle (1@

Most of the data are from Cameron [39] supplemented by data
from Rao [201] and Herzberg [97]. Intensities are from
Cameron [39]. Wavelengths of Cameron [39] are uncertain

vy 0.5 A [119].
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(b) Absorption?

* GPO : 19262 OF — 640488

MA)| et

I Vv
R, 2664y 4Qyyo ! 7
Q, |robs 2 48468 4
He |20tz & [48yge 5 0-o
R; 2ol 7 lygrow I |
23 j2e60( Hgrio = J
195y, 2 So iyr / 1
13927 50183 s
(992.1 £0i498 5 l—-0
(9911 for g { \
1990.2 | S0246 3 )
19297 | 5422 | 1]
1928.2 Sigb > 3
[928.0 | 861 5 [l 2-o
(927.4 | 51883 1 \
(925 8 1926 z }
[868.2 |53527 3
[867,.8 [$3539 3 3-o

—_— —

[
|
1866.( | 53788 1/

[
e I
)

(a) A1l vacuum wavelengths

(b) Possibly incorrect branch designation.

-D taken from X
ata taken from Tanaka, Jursa, and LeBlanc [255]. -

Yo




wme s06—a, 1able 12.  Band origins of the a3ﬂ - X12+ Cameron system

* CPO - 1963 OF—000488

et vievr | 4
$0188.3 I-o 79
4041397 0-o0 20
yb330.59 o-1 201
Yy 213.85 0-2 20}
Y3838, 11 =2 20/
42113.78 0o—2 o]
¥17294.18 -y 20)

Data for 1-0 band from Gerd, Herzberg, and Schmid [79]; all

other data from Rao [201].
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NB$ 306 T.hle 13. Band heads of the b35;+ - &1 Third Positive system (V)

* GPO : 1961 OF —$40488

A (A‘) f(&‘l) L V'—v" A (ﬁo (I\'(G\_\"‘) T V’-V"
O3 - 2079.90 | 3% 4511 g
1Py - ?078. 40 J3av7470 2
P, - /-7 Yors. 73 |32r03.2 Yy {~3
P, = 307049 32reé, ¥ [4

N KT B — —

3(99.5y |27022,2, ‘ 977,38 | 335768 7
309¢.48 270406 1974.49 | 33¢0 9.5 /o
3493, 59 [22006.26 o-s" 2197286 | 236281 ' 0—
3690.83 |27086.50 -"-77/..'6 33¢y2 5
— — 196857 | 33é6H7¢. 5 7
- — 2930.9¢ |34yn0.9 2
_ - . 2929,ar|3y/28, 1 3
~ - =€ — -~ - /— %

— — 2924.86) 24,2997 ] 2

612,97 | 2167 — —_

493,31 | 286i8.0 £ 283308 | 752870 7
3490 uy 2:?6#/.4,. Y 283015 | 35323 u /0
347,91 | 28663.8 9 O~y 2828713 | M3y 4 O0~o0
3y 26 | 8643 2 3 2827.28 | 35354.2 4
348223 | 28700 & 28:4.8¢ 15389 5 8
3viq9.17 |+9238 5 ( 2793.07 | 35792. 9 (4
3%i2.4q | Fise. g [4 — —
3viy, b |29272.2 o /=3 L7881 358433 6 i~/
Iy s 2930y, 3 2747.37 3sfbr o
— — 2178580 | 35005, ¢ 4
33066 | 30142~ 7 2645 gb' 37,00
3302.76 | 30269.7 g — -
3300.51 | 30289.9 4 o -3 266187 1375764 | 8 (=0
3:98.43 | 30308, 5 2ébo.v2 | 375770 ¢
3955+ | 303356 5 26r8.80 | 371r99.8 ¢
32420y | 308350 g
3rv0 {9 30848.4¢ é
3237.79 | 308769 < I~ Band heads mostly from Asundi [4]
713:.:3 303‘3"3 8 (a) Data on 0-5 band from Beer [16]

(b) Data from Duffendack and Fox [57]
3034, 35 318977 7

31304 Jiray, b { O

312950 | 319qu.t 3 0-2
312948 31963.3 5
3124 .94 319904 5

lu




Table 14. B gt
ot and heads of the ¢’y -» a1l 3A system (V)

W 6PO : 1962 OF — 540408

MA) | ey T Vv

O] =7114e | 36834, 2
O0x] 210,25 13688¢.0 2
Fr — - o —=Y
P.}2708.09}3¢9/x0 o

Pi|270b.5913¢935¢ 5

159(.99] 38454.6¢6 2

25 9r.97 | 3859064 {

38513. 1L o-3

]

159%.,3 |3853¢.98

V‘

259,58 |38ré0.60

2y 09.98 | Yorv8.727

2¢89.09 | vorb3. 09

(L4872 29 | %0192 33

2
[«
2448, 4olé909 o o-1
/
-

24 8s. 86§ Yozir 47

2389. 9/ ] Yr831.6y 2
23129 o0 Yi1Qur { -
23388, Y@y ig { 0—f
2}9].20 4,8 7025 i3
238593 1 4,851 6/ J
2459 YIrvay L)

—_— —_— o -~ o‘b
129223 432y 3

L. .. .. - . - -

(a) Data from the fine structure work of Gerd [77]
(b) Data from vibrational measurements of Asundi [4]
For the 0-3, 0-2, and O-1 bands, both authors) data agree

o]
to within 0.3 A. These bands appear double~headed under

low dispersion.
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MBS 306—Amebys 110 15 Band heads of the a'os - all Asundi system (R)

* 6O : 1962 OF —840

A [ et T | clowt] T | vne |8
— 1\ 146129 y
: : ¢ — 0 jy k59 2 /o-2 |8
3;72 11636.0 19693,2 /| ¥
82810 ' 12072.5 }i 1yg62.9 ] Yy
: ) WY, 14913 P 7-o 158
gare.y |12ys8.5 J 1Y 9!‘3"1 . Y
78880 |i13é9y.0 ) 15360 ¢ ')- .y
: g s5-0 15309 F 9t 158
78339 |1276/.8 [7348.5 J | i
75965 131522 (550, 9 \( £8
7524 113200 ' > T~ A b /65
75;1.5 13237.0 156085 b8
73590 |I358s.1 \\ /r4§7 ] [58
'1:37 1302 §-1 4 P 1/-2
13::..» 13Lg.y 15702.0 | J u
7259.0 13960 1 159318 4
72/UL 13829 - > 6-o (F9as¢ 6  F8-o 68
7rjon 139645 J /Lo09,2 /I (8
7158 13967 ) 7\
‘n-)q [yoly -3 16230 ¢ s Fi5~y | 6'8
771(.&5 iy048.8 J /
- ] [6295 ¢y A te
— \} 16315y 68
7001 | Iy242 8-1 16338.0 ¢ ¥ /o— A3
6988 |iy3ot 163750 ] J[ 4
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# cro : 1962 oF —sasase Table 15 p2
A(A) | TCen )] v | g | A ey vive | 1
5888.9 | 169770 ) -
= [ Sise.2 | {9019.9
58%.2 | 17013 N 9-0 (8 - L 1i~0 ‘g
$869.y (7032.8 - .
8 o8 ) (70724 J 52318 1909¢6.7
— 3 0957 | 19018.9 D
S93c.s |ii26.g ‘ ~ (
— s 68 $98y | | 19b63.7 117-3 3]
82,8 17198 = J - Y,
$179.¢ | 1729724 X4 Josq.4 19242.8 )
$7273.8 1 1735) (8 —
$269.0 | 11323.1 ) B 68 Sousz |i18:i53 -4 £B
261 135y | [re $03%¢0 111814.7 |
Fryt.eo | 173248L Ji (8 $033.8 |i1498¢0.2
— B Lade - | o0nnne N
— 4993.2 | 200218 /
— \:ZO-L ! ¢ 8 4990w 20032 ¢ 5 ji-o0 6&.
= }l 498y 200t fo
S0, /| 1roy. ¢ 4999.0 20078 8
-~ 489:.8 |z osiby
567/, 17622, 4 ) Y 'Y — /18-3 (9
- y48rfo |20578.9
Slsgg | 1268¢.7 48s53.6 | 2or92.5 P,
— A — )
— - 1
— we; 68 — 68
50863 | @2 Y9t |2ior2.4 J
_ 47008 1212470
- pr=1 68 Y693.5- 121300.) ) 17-2 (r
Syyry |18352.3 =
— Y6839 | 203947 )
3948 1 (85310 ] —
5388y | 1gsss.t \‘ : =
51820 | 19595 b Ju-2 | b8 - b 14-3 ¢ 8
F3726y | 1859, L 4brto |214027
$369.9 [(8617.2 J 4é47.1 2/1420.6
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* GPO : 1962 OF —040406

Table 15, Pe3

AA) rla Y viv Ve

~ )

- N ¥ -0 63
541t | 1 2oy s )
= )

Yig2z.0 | 130244 (

— A 19-2 L8
Y4330.8 {23083.9 %

- ]

— > 2o0-2 48
- |
4i72.0 | t39¢2.¢ ]

- ]

— A 25y 68

- l
Lobg 5 lrysif. | /

— jl .
boyy. 8 l21y712.2 } 1§~ 68
403894 1y 1
Ho3y 9 l24974. 8 /

39277 15y bo ) .
319216 |25486.1 [

_ P 221-7 (8
39159 255297 }

_ /

- 7

- l

- A 2o~/ | 48

~ \
2902.9 |25ty /

Data from Garg [68] Asundi [4], and McLennan, Smith, and Peters

[158]. Intensities from Garg [68].

Pearse and Gaydon [187] use v' three units less than that used
here. Wallace [266] lists vacuum wavelengths for these bands, Rosen

o]
et al. [213], p. 66 list the band at 6685.7 A as 7-1; it is the

head of the 7-0 band.
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Table 16.  Band heads of the dei - a3H Triplet system (R)
NBS 306—Anelysis paper !
<" (a) Tdentified bands
* GPO : 1962 OF — 6404868
AE) | ecewd| T vievn | 1 MA) | TV T v | oy
(75029 | 13326 ol B sy [ igvag
75/5 | 13303 | = 7 sivgd l(949s z — 140
e M(j_}f_gr‘;') {3360 ) - Silb. e { 9ryo
T R , 5070.9 |1 97.r
. 7(‘]1\}/,2) L 382r 13- r-z Tora 19786 8 b g\
(‘/'7_00) 53993_ - F073 ’19,36‘.'.
6964.3 11930 L 4994.9 | 20007
| 6925 1 | Jwyig B | Zz-o 7 4479.0 | 20079 b F-1 96
690/ 19487 4@s90] 20060
N IR I 49355 |2o2st
bu3sy irsao | /o 3-¢ 96 “4912.2 | 2033 2 -2 91
__tbyero AL o o “990.5 | 20413
[ KT Y RETO 43807 | 20483
e (3487 7347 1 - [bo 48693 12083 - ) 3-3 9
o eesze Jpasee | T Tl Bagass [2enac
o | oro.s | 14634 8 y-o 96 48067 | 20758 4 9-0 e
BEIE 1670 ) “7287 2088y
B E T WRXEY I 42648 2099/ 96
$81zy M=o | 2 G - e Bargzs | 2iorg s /o ¢
A N NS & 2 Y7290 Zye lboo
stror iese | | N PR O 3¢
Sbypt | 17702 b S0 n 4r0v  |zince — J2 -+ 219
Sy [h721¢6 . 4618 L1371 219
f.s’fl(‘l Igooo ) o o LILSO 3 1i360
S53e.5 | /govo $ 71 | i6 — - /Y ~3 94
5508 [gi5o LiyLn 203y
SYy223 18y B m_ﬁ Gloz.L it
sS4y, s I8y by 1 ~ 1o G4r86.y 2i797 7 %-o GG
SYoz2.& {8505 o “I) L8714
Sirla /18682 b M yysb | 294y
52305 | igrer § §-o g( Yrgo | 2701f 5 ("~ 9L
530 8 1883y 45yi1yo | 22098
SR S
$258.3 19012 i A 45207 | 2200y >
5218.4 19085 5 g~ 16 yrory | znigyg - 13- 96
S22k 19164 Lyge., 21277
LV 5]




NBS 506—Analysis paper

* GPO : 1962 OF —640483

V&) L eeol 1 vevr | Y

Hyqyy Jrrr4y

Yy788 fr23) S -3 9

Hube, g L rrvel

Yy id 12385 |

Yyrai1 |24ss - [9-5 QL

by boy f2r4ul} — -4 96

By4yg Jrz99r

LySuy Jrruyd |

Yyypr s {22988 T ZT77 =7 e

vi3y Jasa 1

9 e

Hfeo5 o 2: 9y

Y3909 |221¢8 - /6-0 a6

Y3ry.0 22854

L\‘?(?.q 2287

4339.4 2 3038

43y3.8 L3045

432827 | 2leds N A _as
Y3y, 23173 L .
4'51‘ 2310 1. B _dﬂ_‘h:;“_
Y3 23185 - A I W
Y2197 23148

v  L)éro

2039 2375 — /] ~o 1%

41989 2389

Yroi.§ 1379y

yigey | 238¢4 — 13-y 96

174, 23948

Yi{82 sy | 2390x

417 13918 - 5-2 q¢

Y157 Tyou9

Lbolly 2y bs

o 13.7 148ub — /b2 ‘H,

Yory 2yqry

148




Fovbude B Tabla1((a)

Data from Herman and Herman [96,92] supplemented by data from Merton
and Johnson [160] and Asundi [7]. Intensities are from Merton and Johnson
[160]. For the shortest wavelength heads in each triplet, Herman and
Herman [96, 92] 1ist values which are the average of double heads reported
by Merton and Johnson [160]. Numerous cther band positions of Ref. 96

are exactly those given in Ref. 160.
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* PO : 1961 OF —840408

a
(b) Unassigned bands

MA) | rtenY L) | oceny
6hi3 1518 Ly 28 2257+
559 1lszy7 Yyrl 22640
6515 /1574 5 Yyol 22490
6313 1811 ¥y398 |21730
{28+ 159y 4378 22834
6248|1600 4790 12287
by 16279 Yitw 123770~
bizv }jbz3e w197 |2324"
Lios 1L379 Y29¢ 2331
5809 {697L M2y, 23180
5o {700 birvd |7 34yo0
839 iy 4213 [23730
S8y |l7225 YUuy 304"
rm 17305 Y339 23obo
sSirv 17380 w33 13085
i 19344 4188 23870
riig 19957 ¥i9y 2399,-
St 195716 4191 23940
7098 196)0 Yig: 2YpL)

- bist 24050"
4 488 Aoy 3 bys 2Yy29s
4870 20728 Y408 24335
Lgso 20613 Yo22 AL PN
Y43 21439 wery  ltyryo
9‘97 er,} -

Lipas 27674 -

Hyd) l22-2¢60 Hory 2445
Yyfo 22313 houg }2yb30

Lyb3 [2rboo “olv  liy7g0
4ybo; Jr24)y 403y 124300
Yue1.0 | 22508 Lot} 124850

- Hore 24930
Gubd 2245 912 |25yro0
et f2e495 3919|2550
yy371 s 39/ (¥ .
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* GPO : 1962 OF —§40486

XA | 6 et
389¢L 2660
3893 25680
388y 13240
3885 2077y
387, 25900
3870 25830
t8oy 26280
37295 2634
3188 26390
2179 ?—6‘460
37‘7 TéJye
31Jr 2662,
37 Yo 267%0

(a) Data from Sato [219] who assigned quantum numbers to these

bands.

1

Those assignments are considered uncertain.

N
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NB$ 506 —Analysls paper .11 17. Band origins of the dBAi - a3H Triplet system (R)

* PO : 1942 OF — 840408

Clew*A Ve
|£5 38,5 3 -0
16t 224 y-o
197858 1=V
217 9.y 9-o

with revised v' numbering of Carroll [40].

T

Data from Gerd and Szabo [82]
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Table 18. Band heads and origins of the e3

T - X12+ system (R)

AA) Tulcm™)  Gotem™

I V‘—V“
tsy2.¢ cisie 0 9.y
Is1.0 | 63001 a38577.83 0 -0
(7 3% B (oL 60933. 98 » 30
1. 67 orvTo.nn 80 4-0
gy 6002 098.% 0 C-»
1390,/ TIM | oM. 38 -0
352 73792 NN 20 re-0
i33¢, ¢ 74700 20 1H—o
1308./ ? 13~0
f2e3( 7% R 14~p
'3
1yl L2 l » Ig-o

Data from Herzberg and Hugo [101]. All v' values are one unit

larger than in the orieinal paper rzigal.

(?) Band heads seen at expected positions

193
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Table 19. Band heads of -the Clz+ - a' Z+ Knauss system

* PO : 1962 OF — 840484

T 1 |

AA) | elasdl yrve

2253 | 30732 o-5
3,38 1148 0 ~Y
3028 33 oS o -3
192 5 304178 o-2

Data from Knauss [130]

NBS 506-—Analysis pe

* GPO : 1962 OF —840436

Table 20. Band heads of the Kaplan system (R)®

TMS}‘ﬁoN Acn) rCark viv” IZI{

K -la’m 2750 56350 | 0-3 l2r

2630 3f0)o 0o-2 Yir

258 34700 o -t [

W7 = xtr* [aran38s0] = | e
S B

¥The reality of this band as representing a transition in CO is

highly questionable.

Iy




Band heads of the dBAi - XlsT system (r)®

Table.?1.

M‘) (/2% b S V'—V "
16175 61824 | -o
15883 62041 . .o
15613 otoe0 3 3-0

15352 es138 3 y-o
M866 67268 4 = 6-o
14642 68297 § o
14238 0310 ¢ $oo
14028 71286 10 -
13842 72244 1 PP
13666 73174 o b4
13500 74074 7 1o
1334.8 74 918 5 14—-0
13196 75781 3 o
13053 76611 3 X -0
1291.9 77 408 3 13-0
12790 78185 3 e
12544 79719 1 20-0
12434 80425 o+ bt
12324 81142 ot 12-0

Data from Tanaka, Jursa, and LeBlanc [255]. Their v' numbering

has heen raised one unit [82]: the upper state had formerly been considered

’n, [82, 171].
(a) Band intensities are almost lO3 times weaker than the A-X bands.

V§§F



MBS 506—Anclyse peper T 1. 25 Band heads of the e’y — a-ll Herman system (R)

* GPO : 1962 OF — 640406

MA) |etewd| T viove | g

£42§,3 18y17

Sy T [y by 1 3 -0 160 4
Sqyoa.5 [8ros 7
£iv0.3 1 9uy8

izt |i9ues z & id the, 9
Silé. 2 | 5 Yo

YB8s. 0 |2oybr.d

- S -o 91
- {46:‘7.1) 2144514 —_—

— L -0 IR%
YyLryJy 21Y4Y2.9
yyus S |21 438 - 7~0 1o 41
by 37 21 I3 4
42758 13y08 3

— - B-o 9

() = interpolated
See also Ref. [96]. The intensities are those given by Merton and

Jonhnson [160]. Revised v' quantum numbering is that suggested DY Simmens etal.

L {2384).
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uum-—udy-hm Table 23. Band heads of the Eolz; - Xl)j+ system (R)

* PO : 1982 OF — 540808

MA) | el T vive
130913 | 76336 ¢ l o-7
Jr7L-07 | 783659 2 o-£
(244 16 | Bo3r0 & 2 o -5
{2133 82419 2 L O-Y
1183.62 | Byugs.t 5 o-—2
Ty.91 1865849 o 0-2

V1129231 ge7.2.61 =2 0—/
Il 00.v9 } 90868.6 2 ‘o~0

Data from Tschulanovsky [260]. The formula fitting the term values of
these bands deviates considerably from that of the ground state. This
makes the reality of the EO state somewhat uncertain. In this report
v' = 0 has been assumed.

(a) Band also observed in absorption by Tanaka, Jursa, and LeBlanc

[255].

MBS 506—Anciysis poy

* 6PO : 1962 OF — 800608

Table 24. Band heads of the 'Tl - X'5' system (R)

(\ (n) Cleni) T vy

1W32.5. | 88 299 / o-J
Jiob.yy | fo0180 2 o~y
/08/.1) 924y — o -3
l052.§o fyrry 4 o0~-2
1034, 61 94ér 3 Py
lo1l.2J 98339 / 0 -0

Data from Tschulanovsky [260]
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N8BS 506—Analysis paper Table 25. Band

* GPO : 1962 OF — 640488

+
heads of the fBZ - a3H system (R)

MA) e v'ievn
2929 9r| 33-4v281| o~/
260,y { 3wwour| 1-o0

Data from Gerd [78].

The v' numbering is uncertain.

\53




NBs 06— " P Table 26.

 GPO : 1962 OF — 040486

Band heads of Tanaka systems (Absorption)

(&) | Pex|iz™ 7
/\(ﬁq) G Cem I vy
79108 12645 § -0
78/ 50 127914 é [
J7z. %2 | 129480 4 z-o
763,48 135 94y 5 3-0
TIo 2y 132408 u Y ~o
74730 133 810 4 -0
739.§ 1 13y 223 2. é~o0
732.00 13612 7 77—
4+
1) g fex1
R 27677 (28718 2 0-o
7267 4o 130 23¢ 5 /-0 o
758. %0 f31 737 32 2-~0
—_— 7r0.22 | 133129y 3 3 -e _ }
L 7vzo9 |l3wzrr | 3 )
. »»:,:’311, 15" IzL i1 z -0
(c) R<}- X*r* o
L 77600 12886¢ 3 )
SN B2 12w X 130417 3 _te
- 77808 131950 3 2-o |
| 74%.¢8 (3942l 2 3 -0 o
241 Yo 134 980 2 y -
733.3¢ | i3eary b i~ o I
d) se—|xict B
694.92 J94e 2357 2 0-o
. (83 21 Jvb368 / [—©o
67773 | iy 988 / 2o
669, vy iy qéo o I-0
() TeAXx*r”
6y2.83 | 1ry3ez o—o
fy2.27 Irsése 2 [~o
636.88 1r7o/b / 2-0

(a) Misprint in original paper corrected.
RISY

Data taken from Tanaka [254]




NS S06—Anelytlipert Table 27. 555 (007) - 'yt ven mydbers series

& GPO : 1962 OF — 640486

;Aar‘o series D{f{u ke  Sepies
N N7 T VARVY N MCA) cCeny] L viyn
Yy 7Zf7itj}17‘° o 0~ o - 14 ~7Mf7& \39530 0 —~o
{ é7aﬁ1¢ﬁ87l1_~_<f Oo-o L (1 670.67 /49 108 4 O—-o0
J 664.87 {iroyor o /= 0 5 l 66332 lJ;o 757 2 I —o0
s : - Jz -
7 65767 Ltyrzorz | 5 | 2o & L 68b.y0 1f234¢ [ 2-o
L biv. 8! A iy3esy o) F-e SR
ré{ﬁf.tyo 152812 o ) [éf}.J'S (¥ 3 ooy 2 o —0
{ / byz.22 Virysro7 1 o [~ o b ‘{ 696.53 (FyéJz ! /-0
] Lye ss 15 i16r o™ 2~ 0 [6319w iré284 ! 2—0
Llesrgo |trpm9 | o 1-o
[lé4sqa, j1r4820 2 o0-o0 (1 turnve |isvqys 2 6-0
7 < 639,13 (v 443 z (-0 7 } b38. 56 |1stion [~o
Llg32 43 1£8 ji20 ot 2 -0 B V63198 |1rgz33 ot 2-0
(164i.2¢ i5g9y3 2 0~ 0 g buo. 9t l;Féo53 1 o -0
8 < 634, 41 iyy 69 ! /- ©°
(162805 [i159223 — 2 ~o
9 83890 L1reb37 2 ) 7 _ 63805 |/rér2s8 1 o0—o
(batar Lirg29s ot {~o
/o (3¢ Lt 157 p82 / O-o
/i 63r.26 is7 41b ! 0-o -
le bly, 151627 o o ~0

Data taken from Tanaka | 254)

(a) Data for n =y taken from Huffman, Larrabee, and Tanaka [107];
wavelengths to £0.5 Z.

The sharp series is possibly (ts) X12+ [254]

. . 1 1+
The diffuse series is possibly (1) « X% [254]

- o)
0., (sharp) = 158692 L 30 cm © = 19.6748 eV = 630.16 A

-

o (diffuse) = 158745 + 30 em * = 19.6814 eV = 629.94 4

fbo
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NBS 506 —Analysis pape.  Table 23. Azﬂi(OO )« Xl>3+ "o" Rydberg series

* GPO : 1962 OF —$40486

" A (ﬁ") V(cm“i) I viey
(| 810.80 123335 3 o~o
J1800.94 {124 grs 3 /~o

5 ﬂ 7291, 64 {26 310 & z~0
[ 178249 1122800 3 3-o
\ 773.76 1129239 3 y~0
(1784.70 li27¢43¢ 3 )

; / 295, it 1 2oy 2 I~

b Vol i it itg0/ P I~
) 706,09 130533 Y 2—0
N 757.35 |i3z2 039 3 3-0
720 67 12943y ¢ )

7 {76550 {30915 7 [-o
(/ 75y¥. 70 |32 803 3 -0
26535 1130659 2 o- 0o

8 j‘ 75637 132 T o 2 /—~ 8
‘{7257.7:., 13393¢ 2 2 -0
cl7¢lyg 1131323 / 0-o

c’}' J 752, b0 132823 2 /—o0
L] 74y, 03 13y yod i 2~0

Data from Tanaka [254)

1 527

- e}
(S8 = 133380 cm = 16.537 eV = 749-74 A
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+ + .
Table 29. X22+(GC )~ Xlz Rydberg series

x

0-o Jeries

AR ) | Flew?)

§-° se

NA)

ries

Clem®)

9383 fobs

7¢

29, 5

lo876)

Data from

0.,(0-0)

0. (1-0)

o0

b

7 9:8.7 038849 | % 00,7 /14020 ;

8 909.4 oy | 890.8 [z 265
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Takamine, Tanaka, and Iwata (253)

113029 cm“l

115190 em *

14.013

= 14.281

eV = 884.73 K (£ 0.004 eV)
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868,13 A
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Mes 306—Anelysie pe  Tgble 30. Band heads of the By — X°p' First Negative system of 00 (R)

+ W GPO : 1962 OF — 640400

AR | ey I veye AMR) | o] T viyn
3570 | 317094 [ 8-132 iy, 5 | Yéyodry 4 &-4
307.47 | 32090y 3 7=z 213297 J4é7¢3.0 4 22—/
3obvor | 324274 3 E-~1/ 2123.17 | 470242 3 =3
3621.97 | 33070,y 2 /0 2412.38 y7231% 0 g /-0
298405 | 335005 2 y-¢ 2095.27 |y920y | 5 ¥-r
299756 | 33916.5 / 3-8 20%0.95 | 478096 y 1-¢
2938.5Y4 | 34022 ¢ { 7-it 2062.91 483wy ! 3-4
2943.18 | 343169 i 2-7 20629/ [ 483wy g / 93"
28972.1¢ Yyé.y 3 6~ /o 208l.03 |ugsro3.9 3 6 -3
2882.23 | 14(95 2 s [~¢ 2042, t9 | 439489 4 2~o0
28724 yi 3¢7218. 1 o g—( 2 203,32 |4 91v0. € 2z g~y
285808 | 349703 i s~ 9 2072,27 | Y 9/90. 3 / S— 1
2820.82 | 35y40.2 5 “%-8 2004273 | 4184559 o g =1
1785 gy 319 € e 3-2 2003, (1 4 9106.2 o 71-3
1751.89‘ 34317-47 6 2-6 1983.92 | So%or 2 o) P-4
2y 40 | 36y 2.8 / 6-4 197528 | s062277 [°) 6~
2712, 3% 367122,431 7 (-5 183105 QP s54bity o F-1
2707, 44 $9:72.4 3 -8 /802.83 | S5y €94 o R—1(
7-‘7}.37‘ 3711035 2 o—Y4
267234 37¥09.27 2 ¥-3
2638.927] 37885 ¢ 8 3-4
269206 * | 3830y, 4t 8 2-5 . Most of the band heads are taken from
u’nch 3878/ 52 /o /-4 Biskamp [24].

2550.31 {39/98.99 7 o-3
263997 | 39439.2 / y—-§ (a) Data from Rao [202a]

20442 1 399:¢.59] /0 3-5 (b) Data from Schmid [237]
2yY, 24 Goyol. 7 /0 2~4 o .
zc,n,;,Szd Y08 73.48 o /-3 Intensities are those of Biskamp [24].

a

2419.48 14%)3:9.¢9 8 o-2 (¢) Listed by Biskamp as uncertain
2243 | Yiy39.y o -
23gt52 | 49371 s 3-4 8-12 or 4-9. Biskamp's measurements are
2302 4L 42308 / (-6 o
235250 | b yqs g¢ 6 -3 probably good to 0.05 A; Rao claims accu-

a
7’”""‘ 4299¢.31 7 (- racy to 1 em™l.  Johnson [118] has observed
2299.80 ly3,48.68 ] /0O o=~/ ‘

2984 lousegqa] 3 y-~g an additional band (unclassified)
2295.¢1 | 43rgy.e r 70-8 2883.6 A 34668.7 et 2 -
21 08,58 | 4y064. 8 3 3-3 '

5515 14432y { 7-1
sy | yudyb 3| -~y
24043 Yy 6294 hd 2 -2

121,46 {4y 972t Y S-4&

2210.27 | &rpanb % g-6
iy, wi LSy 3.7 5~ /—=/

1199.95% | 4risosy /o 0-0
Lifr. i} Yriva b Y 7-5
iy 3y | H¢/89.0 § 3-2
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Table 31. Band origins of the Bzz - Xy First Negative system of CO

o
v
0 1 2 3 4 s 6 7
0..... 45633.44 | 43449.62 41205.97 | 39172.756 | 37079.87 |. .. ... deeeeniiii i,
S S N 42975.40 | 40852.15 | 38759.31 | 36¢96.77 |..........0..... ...,
2. e 42478.75 | 40385.72 | 38223.19 | 36291.06 {..........
3o e IO PR AR 39598.85 |[(3786C. W) |00
a SO RSO PR 37392.19

Data mostly from Rao [202a]

() =Origin of 3-6 band from Coster, Brons, and Bulthuis [45]
e s -1
Data of Ref. [45] agree with that of Ref. [202a] within 0.5 cm

-1
Misprint in Ref. 202a, 2-5 origin should be 38323.19 cm

|y
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NBS 506—Analysis pepet .11 32. Band heads of the A2Hi - X" Comet Tail system of 0O (R)

* GPO : 1962 OF — 640486

o . 3
)\(A) Tlewd)| I V-oy" )\(A) Clenr)| I vip®
T, ==  [1847m.69]i1792.43 $075.56 | 19456.7¢ ]
(4 A 3
gulloo| 181000 | _ P sopres s | . s 7
My —3 (18368409095 7 So43.q3 |iggar.as| < =1
* Ugs73.99 (193849 5039.19 1199%0.92
7199.95 11388523 Y9134y |203yr. g2 ,
709074 |139er.0/ | — n-z* 4909.96 1203¢ljo | o A=r
> 4 L
7435, 5y | 1wor0. 4 9 Y983.53 |zoy11.27 ~
285 551 14v030.12 48 19-4y 120488, 4"
brys. by | 1dooy. 25 : 4868.98 |20532.45
L239.30 |/d023.01 | 5 o-2% 496583 |2054r79 | ”
——
6/96.38 |14133.98 ¥879. 55 l20657.31 | °
§199.272 Lilira.s, H836.58 206£%.99
SPo5bb | /6928.22 Y21y 50 L2120y 96 .
k
S 90040 |(4943.31 | 2 9-2 y7n.4y7 l2i2ig.8y L 21
J v =r
5862.31 | {70r3.40 4626.90 |21330.09
clcbrtlioaanns ple2 -~y 1oitnrs
£ 700 115329 ' — —
seqr sy 1 — — — 1 $=2
$659 1246¢ yé¢1.98 |ziwilorry :
S65Yy 12¢82 Holy.ry |aju3e,3y
$U98.59]17ry3.33 l 4~68.75) 2188194 ,
5(93.59 | 115589y 2 1—-9 4rir.97 |2189r.02| @ 1._,,4"
4 <+ - o = 9 A4
5(rg.09 ]| 176k 91 Yrua. 91 f22008.0¢
sls2.00 | 17686.07 4rig.c2 frasra.y
sSoy yl |I1Bibz. 04 — —
$4499.96)18)77.23 ~ 9-1 — — W v Ly -2
sy L6ay | 182g79.3¢C J Y5200 ] 220280 U
Fyélyt § 1830517 4r17.99 ] 22127.573
Sy, 51| (Qy09.3¢ — —
SYab.yy | 1842397 1 2 =3 - ~ 1 =3
£393.92 1/8r3yay Y428y 1228113
389,25 | /1§s50.3¢ L4378.9 |22830.y
S 1yf 19050 Hyob. 2] 2268892
Sryy | 90éy VA 2= 4y453.26 | 22704. 07 [ 2 -4
Sy 1912y - L38L39 | 2287 48| -
209 19192 4378%.93}2283%0,21
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* PO - 1982 OF — §40434

—

vy A(ﬂ.) Gleat)| T viv”

3r2l.95 | 18345 a)

bizigi g 7 e < 3rerby | 29irssy
. ) < 32 | 28wé7.9)2
RS LR A N 2027 |28v79.49 ]

<
~
!

o - I

- ,],, - { S929.20 | 2717294

- oo 3. 85 |2 gy | l~0o
Ly fef @30vyhol Syiv. 58 |2929778
TRk A ICI :fi,,“r, g b2 9 13138-8»(-

o
N
U

Ly Tty %164 39 | 2969168
J“:"‘Q"T - IR 538600 | 29700 1 Lf 5—1 _ .
ERTE ) Yire9, | 2996 .
' S S T 2—7816.74/ -
, RILTZARN I i | Berre 69 R
——— R TR B 4 - $roa8 Sl 7o 2 f0-2. R
Yot B Jdul ¢ ey, o _
_____;..(.4.’,‘,,;:5 It vy S50 44 3 oefd s o
R S
i 2205 1y | 3er25d0 B
ij . o SLi g9 T 03T 3 s .
' Si.s 8 Y0bs7y 5 )
EN ARSI S ISYEN A Ty
R I 0 0 L LR 122347 | 303 T2 R
;qci oo ¢ C ‘;" N ! T2ir.9 1 Y;m2d b0 2 7 1
. 109, BRI I ’ “‘ 32287 31,3710 ~
ST 54 N S S IR E NN A 3229 64 3wy _
I §
37§57 7 |Rediy .54 3 Jrwry
e 202 c
3795 9 | tesis i 5 G -0 $i90 ve | 393y €8 2 /-2
377900 [ rhuvg. g 3i69 0y 3irar 8
317.87 [2enet i 3088 03 | 3ierbnd )
5797 10 [ 2L967.579 s 70 | 3180059
I7cx 31 29g0.62 z RO Toge 71883 r> 2 g -0
]o89.8u 27:93 10 ) 2 Yy 3199600
v88.¢c9 270p o0 5 oos 8 7200937
3¢o2. 34 f T S 3a59. 57 | 3230027
o 277 . - . e ¢ -
3beo 88 27783 ] T 309330 323(8.51 1 /0-1
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(Footnote to Table 32)

Data of Baldet [9] supplemented by data of (a) Rao [202b],
w ©
(b) Schmid and Gerd [222], and/éoster, Brons, and Bulthuis [45]. Inten-
sities are from Baldet [9]. Head-forming branches are Q;, Ry, Rys Ry
given in order of decreasing wavelength. Johnson [118] 1ists a double-

[o] o]
headed band of intensity 2 (4139.0 A, 4123.2 A) which may belong to this

system.
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igi 2 et Comet Tail system of G‘O+
Table 33. Band origins of the A Hi - X"y Come

- 3 4
o ! G600.11  13946.74 11853 88"
UL Zas T ovss s T
2 | WES639 i21200.74
3 1 24031 688 T
4 i26386.23.
5 N S
6 | D02y T
70 130388.61
8 0 2075l
9 131074 41
10 ! | e
1, L 31484.55

% Present work.
t Computed from the data of Schmid and Geré (Zs. /. Piys., 88, 297, 1933).

¢+ Computed {rom the data oi Coster, Brons, and Bulthuis (Zs. f. Phys., 86,297, 1933).
§ Computed irom the data of Bulthuis (Groningen Diss., 1935).

Data from Raoc [202b].

(b8
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Table 34 Band heads of the B - A%, Baldet-Johnson system of 00" (V).

* GPO : 1962 OF — 640488

)\ (Ha) ¢Ce n."i) T V"v” ’2“6
423628 | 23598, 9¢ 3
23/ ur | 23426.08 9
k11298 | 23729.4¢ 2 o-4 3yl
410902 | 237y /.82 8
o J 379y /
y/32.6 | 27902 / 1-2 /8
4172%.1 23922 /
. 397813 | tli303b y
3973.31 237160,8 4 q A
39572.37 | 2rab2.3 6 v 3y b
3953.52 | 25286 q
3719.8 2468013 3
37250 26828 4 5
77/1.3 1469329 7 ==Y Jig
3202. 6 2694y g
35158 28y3r 2
—_— 4380 28vé8 ) 2.=n 0
I - 3Jve. 4 28540 3 i
S e 7466.7 28550 Yy
S 1. 22319 3000l |
e 33290 Yoo o / 2—-0 )
— .. ).3310.9 Boill { ’ i
S RS 1 30154 I

Data from Johnson [118] and Bulthuis [34b]. Measurements of Baldet

[o]
[8] differ from the above by up to 1 A. Intensities are those given by

P

Johnson [118]. Head forming branches are Pl, Ql, 21, and Q21 in order

of decreasing wavelength.
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Table 35. Miscellaneous unclassified bands

system (Emission)

AR et 1 Nef
2485,8 4021664 - E
229946 434724 77
5209.0 45255.2_ 1 9
2096. 19 Yo by 9% 89
208840 47877 9
206460 48434 9

204243 4894965 1 4o
204040 49004 5
195340 5120343 5 (.
1933.6 517170 2 23
183742 544307 1 L

1835.47 544819 8%

182746 5471567 1 e
18019 5549740 2 '

1772.9 5640348 & 4o
1698.8  58865.1 1 t
1688.5 5922442 1 L
166607  59998.8 1 L

1492.6 669972 7T 90
1438,7 69507 1 L
140545  T1149 1 ~
1640440 71225 1 -
138644 12129 1 !

136303  13350.4 1 90
1343.0 714460 1 -
1228.2  81422.6 1 90
1152.9  86733,3 3 9o
1025.7 9749643 9

L = Lyman (See Ref. 23)

(a) Original measurement was in vacuum.

Air wavelengths listed above.
(b) See Sect. 2.1




(b) Band heads observed in absorption.

A ) §emm)

oy ey 1
1569.5 63715 1
14623 68385 3
14333 69769 2
14323 69818 2
14224 70304 8
13943 71721 1
1369.5 73019 2
13666 73174 8
13524 73943 1
13332 75008 1
13203 715228 3
12848 77833
12186 82061 ¢
12002 82699 ¢
11818 84617 ¢
11353 88082 i
11346 88137
11304 g4 2
11154 80634 1
11151 89678 1
11116 89960 1t

Taken from Tanaka, Jursa, ang LeBlanc [255]
e

* Int
.mmr'n ;n_sj\slec of.'che-e &re approximately 10 times weaker than the

"The above bands are probably due to intercombination bands of (0.

The strongest two bands appeared even at a pressure of ~ 1 mp Hg". [255].

!
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* GPO : 1982 OF —64048¢

+ .
(¢) Band heads observed with the a'32 - a3H Asundi system

A (A) reew| T
(aéo 14 364 1
939 ly4ol o
6321 % | 'Byyy | ©
Cysbi Iry7e 2
byro Iyyoo L
by Tk 7
vL}qq X147 f
k31t (rg29 /
6213 Ib o9 o
619y [b137 o
(180 H611) {
5980 /é7/4 +
J629 11979 1
68 1763¢ z
7659 17 66¢ 3

waverumber was given.

Data from McLemnan, Smith, and Peters [58]

o]
(a) Band head given as 6982 A. It is assumed the correct,




NBS SO8—Anelysls peper | Sard reads cbserved in emicsicn by Tschulanovsky and Gassilevitsch

¥ GPO 1962 OF — 8404386

AA ] Tlasy

d82 b | Buvgl g

L iFv.B3 B6,91.8

102363 36997 3

(1e7.99 Yozyry

7083 14 92315 L

1okh.1 9 4279.9

e

/pSi.60 ?‘IJ‘)‘B.'}

[oS2. 4y 950072

i23k48 F6ivea

(032.78 Feg2¢.¢
/P2y.0e 975 99.5
01854 981714.7
/0,18 9881357

/vod. 8o 94:11.7

/00?2.17 $49219.0

(00} .81 922529

j[opr. 2 $%426.8

983 g4 10164 2

cs L e
cow e (91T ~

96247 /03899

4¢6/.29 fovorY

?J'z‘,qr /o499

a4
Fy8. w1 /05 w39

[}
Yyr sy /05 Véo

P32y /06017

93571 4 /0687

— Data from Tschulanovsky and Gassilevitsch [261]

(a) Observed in absorption by Huffman, Larrabee, and Tanaka [107].
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o =3 3RS ARt v..‘,.::.‘::.—:::r T T R L

® PG 1962 OF — 640488

1 the others.

o . - .
Obzarved in ccmets)y cand pesiticons

e SR . -

—— — i ‘.F_. [p— U — v i PR
. — U NSRURUURUN WU R
— . SRS USSR B
— — SR SO -
L .
17y




NBS$ 506 —Analysis paper
. (f) Unclassified sbsorption maxima
[ ]
(4| o) M) | ren AA) | )
[Ooo,o 1/00,e00 ”
99r.8 l1oouzp 905:2 | ilosoo 5656
940.9 |io0920 903,2 | ljo 700 i .
1.950./ |tojece 9932 |lio 700 2822
- .. ag4.4 l1e1e70 Goo, 4
1986.0 |jory2o £98. 8 2761
g5 el
4825 | rol780 8¢, ¢ 27+
I . kX5 i V2 2 L1 7267
913y |lo2730 89y 7 760, -
971.9 |lp278y 89/ 8 752.2
1. 971.8 (f02%00 284 7 7411
920.5 |/03ous 889./ 245
964.9 |/93u0 848, s 7323
969.9 |10} 20 884,/
9491 lrodeer - 728.2°
) 6y, b l10%670 Plimyw | 2, 6
| 94Y4.0 _|10370 715
960, 4 |lodlta L 219.2
959.5 lteyr2eo 2106
95,3 |1o4s 0 £62. 9 2795
1 9%rq.1 | 104840 1 5.3
) Péy s 702.9
9v6.3 | [0rero r,é63.9 700 1
Zo% |
9¢/. +_ ilof 250 Pé/. ¢ 22/ &
Gyo.0 106380 &59.2 2 00,0
: /8.3 69LP
Zr {52.0
9332 __|{p2bo oy 5 £9/2
431.9__|te13i0 Pran ’
930, 1 1101 yis Pry 62l 6
428.r |lo1200 gy d &£380.6
q91r. 9 |108000 2494 4¢3, 3
9144 108170 1 éro.o
gat.L |/98390 246.0 696, ¢
gil.l |[/98520 , 6y ¢
: I 314
919.¢ | %8740 £32.2 é70.l
r3y.w bog 9
911.7 1 /9%490 £33.9 boy. 8
9ir2 |iotrie r3z.5 ey, |
9,3 |94t 230 7 69/.9
9, | 109630 '
10,8 | (09749° Jul.y Meas. of Huffman et al. [107].
909.3 109170 P4k Xi o
908.8 |/loe70 good to £ 0.5 A
ANy | | I




‘(g) Unclassified absorption bands

e | e
881,3 113470
871,i% 114720
8486 ¥ 117840
844,3% 118440
839,3 119 199 /5
836,1 119600
827,2% 120890 9o
824,7 121260
8178 122280
8146 122760
807,37 123870
804,8% 124250

- 801,1 124830
797,7 125360
794,8% 125820
7916 126330
789,7 126630
76,3 127136 8o
783,1% 127700
779,5% 128290 :
774,0% 128800%2.p
7658 1000885, 119 >
757,2 132069 7,

b 7504 133208 ¢
734,2% 136409 2<
725,7 137888 oo

Data of Henning [91].

[*] These bands also seen in absorption by Huffman, Larrabee, and
Tanaka [107].

(a) Observed also by Tanaka [254] as a closely spaced, triple-headed,
and red-degraded band.

(b) Seen in elﬁission by Anand [2]

(¢) See Section 3.20
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* GPO : 1962 OF —8$40404

Emission and

absorption bands of Anand

MA) | fa? MA) | ocad
@\ 9%.2 | 110350 (L) 8979 | 11/ veo

886.2 12830 8809 11 3rFo

8777 li4iqo g20.6* | 11y130

964 (15020 866.r | liruso

gb6s. 2 I1Fr70

gl + 117 Syo

Emission series

Data of Anand [2]; most of these bands have been observed recently,

in absorption, by Huffman, Larrabee, and Tanaka [107]. See Section 3.20.

|

Absorption series

(*) Observed previously by Henning [91]

. N8S 5306—,;

* GPO : 1962

(i) Band heads observed together with the A2Hi - X2$+ Comet Tail

system of CO+.

l
!

AA) frley | T
bui2 | issq;
Cyos [S608 B
6341 BT
L3sy [r73y |
Lol [6éoy ]
L0 AT 2
597¢ /729
J 920 166 /
S8l 720/ ]
550 17219 I
5769 17324 [
§726y 1 73yy
5301 /18788 1
5317 /88o2 =
5280 /8913 |
S8y 1893/
Lata of Baldet [9]; bands are red-degraded.
| ] |
117 ’ , ,




NBs 306—Analysis peper (i) Band heads observed with the B% - AL, system of 00"
1

* GPO : 1962 OF — 6404286

NA) | Flan) L
367y L | 27206 . 3
3662, l | 2729r o
35yr7 28,95 1
35344 28243 1
%3777 | 29597 s
13703 |29¢b2 7
32545 |357/8 4
2247.5 170784 's
320y.9 119y o
2199.6 LA Lo o

-—  Data from Johnson [118].
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* GPO : 1962 OF — 640406

Table 36. Rotational constants for the Xl):+ state

| foTope v g, ( })o"_ ‘)
C'io" O I.91252: | 6.1193
! 1.90501, 1 {.1/8 Y
b2 8%yl by
AAAAA 3 /850010 .11 45
o Yy 1.gs1513| .11 58
3T 18351y
A [-Q17¢4
? {.8o018
1.9 [.7423
N 1. 264
/O [ 24715
- 1 /7294
1t /2130 |
- 13 16959 B}
- 1Y /4228
Ay 16599
. 4 1. dy3y
I fbasd
I NS I-dogo |
RN N A, N 3% XX 358
~ 20 [ 5732
2/ 1.554y
221 [.539e
3 (l.5220) B
LY [.SouB
cPo™ o) /8380
{ {82 1b
C"olc 0 /8314 ) o
/ L8k -

(a) v =0 through 4, data from Rank et al. [198, 196] and Wiggins [273].

H ~ 5.8 x 10'12 cm_l (198, 196]. D values obtained from Dunham

constants.

Uncertainty in B_ is £ 0.0000035 em .

(b)
(c)
(a)
(e)

data for v

v

v

A
D, (exptl.) = 6.117%/0
1

5 through 7, data from Goldberg and Mgller [85]

v = 8 through 24, data from Schmid and Gerd [228]

23, B (calc ).

Data for v = O through 7 derived from vibration-rotation spectra;

> 8 derived from A-X system.

(¢) 20 from Plyler, Blaine, and Tidwell [193].
(g) (312018 from Mills and Thompson [162].

p-179
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Table 37. Rotational constants for the Alﬂ state

[SoTore Y BV(Q
c'to' I Y

/ Ly

z Lyt

3 (5325

LA WL R

J {444

b | ubje ®

7 ju3gy

v [.4)38

9 }.39 00

/o 1. 348xi

I L3y

I 13149

s Rl
(R Data from Schmid and Gerd [228] . The valuw, obfaied faem F(T+4) Wory comnfly
— Im pargaess il 2 rade e e ale valut, nthe wa. /Jum [21¢] —
—-———= (g) Data from Onzaka (182]
T S TR

2 1.y89

3 by

4 LYyl

3 IREL

Data from McCulloh and Glockler [15'7b]

Ige
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Table 38. Rotaticnal constants for the B™% state

* GPO : 3962 OF — 640486

. 'y
jS0Tore v 2. (107
Co't o L.9w1r | ~ €Y
| 1.9
1 (r-993%

Data from Schmid and Gerd [224]

(a) calculated; The identification of the v = 2 level is uncertain [255].

C'2po't 0O /. 863 F

1 1.8312

i

Data from Douglas and Mgller {56]

NS 506—Analysis p +
Table 39. Rotational constants for the Cl)j, state

* GPO : 1962 OF —S404068

b
V- BV ( /o! ¢)

o

(942, |~s?

Data from Schmid and Gerd [224]

(a) Observ.‘h’oh of te v=1 ALevel has beer wmade [27¢]

)




NRS 506 —Analysie pau Table 40. Rotational constants for the E]'H state
* GPO : 1962 OF — 840488
(JoTope K Dy
v L4 (/o “6)
Clro'b o L9644 | {50
Clight o % 118273 | £93
Data from Tilford, Vanderslice and Wilkinson [257] '
— _ -1 -]
B (a) T, = 92929.62 cm .
NBS 505—Analysis g +
'3}: state

Table 41. ERotational constants for the a

* GPO : (982 OF — 40488
\% gv
[ 2895

3 {2823

4 |,26r8

g 2w 8

14 [.2327 o
7 Lr/yp

8 I {qro

1 L181§

[0 [ 16T
// (lig19*

'3 1.4g7¢
1L lLoggr

|9 Lo2of
2o l.oo37
T3 0.9r8

Data from Herzberg and Hugo [101]

(a) Data from Gerd and Lorinczi [80]
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v Table 42. Rotational constants for the a’ll state

* GPO : 1962 OF —840486

- D
By (/0"6/ r A Q"é

v

0 J.6803 (.1 24,7 ¥/ 0~ 32
/ L¢627 €y 250 Y.~ 3
2 ({433 by 25 wl L 3
3 [.623; b 2 s 3 Y. 32
4 Jbloat | 4.3 4L
T [. 840 .3 AATA
6 (1.7 bey)* i
L (Lyrveq)®

Data from Budo [32], Dieke and Mauchly [54], and Beer [16].

(a) calculated

A (average) = 41.3

MBS 306 —Analysis | 3

+
Table 43. Rotational constants for the b”Y state

* GPFO - 1962 OF 548488

4 8,
© i.96r
/ .93

Data from Stepanov [246]. Schmid and Gerd [72, 226] list B, = 2.058,

3

+
By = 2.025; tut see [246] and footnote b’L to Table 1.

g3
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Table 44. Rotational constants for the c3)3+ state

* GPO : 1962 OF — 8404

v B

1) {9563

Data from Gerd [77]

NBS 506—Analysis p 3
Table 45. Rotational constants for the d Al state

* GPO : 1962 OF — 840488

T A

\ (!o“)

3 lLasin 8.2 ALb)
H iz 3uy 9.0 ~74, 63
i /. 18y0 . b -16. 7
7 [1T06 10.1 —-/7.]

Data from Carroll [40]
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Table 46. Rotational constants for the e32_ state

* GPO . 1961 OF —64048¢
S

— 5 —

BV

1.x399

|12y

I, 2048

L1129
[ j3bo

o B w.p <

[ 1or 2

Data from Herzberg and Hugo [101] with v' numbering two units larger

than in that reference _fiieg
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# GPO . 1962 OF — 640486 Table 47. Bo;cational constants for the E lz+ state

v g,

o} /. 182

Data from Tschulanovsky [260].

NBS 3506 —Analysis §
v oro . 1ss2 0 —seonss  LADLE /8. Rotational constants for the lH state

v 12y

0 [.129

Data from Tschulanovsky [260].

NBS 506-—Analysis p

3

+
Table 49. Rotational constants for the £7% state

% GPO : 1962 OF — 6404388

v B,
o?® 0.83
? 9.5

Data from Gerd [78].

(a) v = O is assumed, but uncertain

Stepanov [247] obtained B = 0.800, B, = 0.711

Both sets of values are uncertain
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* GPO : 1962 OF — 840484

Table 50. Rotational constants for the X°5' state of GO

Data from Rao [202a].

DY
vV B, (f0=%)
o 1.46793 | (6.36)
[ 19489, 1(é.37)
2 1.929¢0 | (6.38)
3 |.9/039 b39
¥ 1.99i07 (6.40)
A 1:92172¢ | (6.41)
b [ 8Tayy | (b.5v2)
2 /8328 | (6.43)

All D, valves are estimated, except for v = 3.

NBS 306 —Anciysis pe

* PO . 1962 OF 640486

Table 51.

. 2 +
Rotational constants for the A Hi state of CO

By

{3799

(.50

[Ty070

L.ryss

[.Yozo3

(.ygary)*

631§

lLwy 37y

.4 1w0d

\DUO\).\‘_‘*\ V"("‘O <

i.yoTro4§

(1.38x44)

/Y

IRYSAES

(a)

calculated

Data from Rao [202b].

D is estimated as ~ 6.60 x 10~

6

Iy
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Table 52. Rotational constants for the B'TL state of CO

* GPO : 1962 OF — 040486

.|
Dy

v BV ( /o"é)

° /. 78480 7.49

! [ 25 Yéo g.06

2 [ 7242y 8.27

3 I€8y09 | g.5¢

i [, bb3¢ 9.5

Data from Rao [202a]

18
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Table 53. Doublet splitting constants for states of CO .

* GPO : 1962 OF —640486

8- X Fenidfpn, y |
vieve L e e v (2 | B s
o—I 0.0043 O _ 0,019 2
0-2 0.00 81 { 0,020r
03 00107 T 00273
-1 0.00%8 3 0.0299
) 0.0084
[-4 g.0)00
[ =5 " ]0.009 3
-4 AKX
2T 5,00%0
z-¢ 0,0088
3 - a,0079

Data on |y' - "| from Rao [202a]

Data on y from Rao and Sarma [205]
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Table 60. (a) Franck-Condon factors for the AlH - XlZ Fourt

]
" o 1 2 3 P 5 ¢ 2 8 9 1 t . IR S | 14 ~15

1.1319-1 2:6087~1=2.8477~1 _ 1.9620-1 9.6040-2  3.5535-2 1.0340-2 2.4282-3 4.6859~4 7452645 1.0151-5  1.1568-¢ 111847 9, 18699 6.4215-10 3.7782~1
216143 1.5487-1  3.0508-3 1.64%.9313-1\%8569-1 1.0829~1 444652 1.33042 3.3745-3  6.6637¢ 1.0812-¢ 145795 164626 1.5635-7 1.2525-8
2:2997°1 1.21792 9.0126- 1.160~1 5,0832-3 Se7179~2 wsoe-i\'s.ssei-i 296292 4413142  1,2839¢ 3.1152-3 6.0724-¢ 9+6710-5 1.2731-5 139575
1.8128+1 2.0493-2 1170451 6.4536-4 8495 «415 471284 6.7660-2 1.5887~1 1.4862-1 8:45452 3.3725-2 1.0112-2 237173 446214 6.8445-5
1. 1879~ 872852 3.44332 5+7630-2 6.65612 m\%\:pm-s 8.9910-2  1.587%-1 1.2914-1 6,7610-2 2528 3@ 7+ 1696-3 1.5970-3
31553~

(]
1

2

3

4

S5 6.8846-2 1,2304~1 3423574 N9, 12542 1.38415 éi?gEY-ZQ4‘ 233722 _2.1092-2 1.30012 1. 1296-1 mﬁ-’\i-g@t—i Se11732  1.7696-2
6§ 366752 1.1603-1 3.2109-2 4.220%4.28%-2 4:228522 2.1976-2 7.3 52 5e93C4=3 6.35’?2\7.28274 2043313 454710 132919 $3855~1 492
7

8

9

10

1584292 880570\ 7. 4692 2.2336-3N 7. 0860 4.2655-5\6.93123 2.9@1-3 5.3%31- .7%%8.2806—2% 2.7402~3 7 86232 -?f;uzk-t
8.8974-3 5.831-2 2:0972-2  9.8994-3 4.46222 327192 2.9742 3.0612-2 402672~ 9.8338~3".5218-2 807623 4.075272™ 7.79722 t1842-2 2.2424-2
4-1842-3 353102 8.4521~2 4.0627-2 T+9687-3 " 6.0808-2 3.8286~5 %.8344-2 1.6680- 5.88 :9671=2 X5 3499-2 4. 4520 2+4546-3 <R 5.2619-2
1.9367-3 2.0162-2 6.6227-2\$.4755-2 1.4618-3  4.5052-; 2.4181-2 2.3731~; 3e2522-7 2. 2941 2647972 4416372 4e7062-3 621752 122552 2.6200-2

11 8.8941-4 110242  4.6641-2 717512  1.5480-2 1.4504-2 "R.9695-2 161030~ Do 1.0943~3 2,991 575116 5. 18722 8.3905-) 3.3523-2 81352

2 40874 5.8643-3 3.04d62 6.5086-2 4417682 1e7143=4  4.418 1.6298-2  2.159:3: 3.0004~2 1.438 314352 2.06232 2 o2 4.09792  1.9786~3

13187734 3.0666-3 t1.8881-2 32042 NG53R 672013 2,0995-2 M. 9190-2 4.zzay.:§zau-_e 171793 4 Yo0i=2 2. 1272-3 4.4591-:~4\"?43-6le

U 8.7084-5 t.5891-3 113042 82232, 5.Y629-2 231002 3.3642<3 4,1680-2 9.2001-3 2. teg2. Q095442 1.0672-T3, 1550-2 '-010’-2\2.9406-2 1.95782_

15 4.0846-5 821194 6.6118-3 2.6471-2 5. 1936-0\Q. 79732 7e380%4 2.6615-2 V2,85 17-: 1.9365-3 336132 1.2081-3 21312 4000133 Pia6ep 2.3548-3 ;

16 Y9455 4:2525-4 3.812%-3 1.75072 425282 4.5272 9.4788-3 9.4220-3 368962 3.5232~3 2,3565-2 23:485~2 "019-"2\2-53\32? 6.0848-3 3. 0450-2

17 9.3867-6 221574 2.1816-3 113732 25062 4631217952 6. 14504 3.0143-N1.8049~2 Se274=3 3.2¥15-2 2.6512-4 3_._?_?-_;_.:_. &7993-3 g.919§->

B L6126 116534  1.2450-3 1-2159-3 2,352 4.25142 Ristg-e 1.69371-3 1,658~ 2:9379-2  3.2516~¢ 2.547?2\‘_-_2:'_3:-_2 T30 233360 543800-3
- ~ ~ -

Data taken from Nicholls [178].
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Positive system

16 17 1 19 20 21 2 23 24
1.8874-12 9.6394-14 1,9652=15 147458~16 6.9579=16 8+446+13 44773~15 2.2078-158 2.215%-17
844721=10 4.8179~11 2.2816-12 8.3683~14 3.5241~15 5.5781=16 1.85¢2-16 1.2550-%6 7
1.2800~7 9.8388=9 6.3250-10 3.3137=11 1.5954-12 54320314 8.4254-16 2.1279-16 S.7173-19
865046 9.0748~T T+R58-8 5.77131-9 3.5084=10 1.7696=11 7.0876=13 2.3445~14 2.09115
2.8572=4 4.1658-5 4.9963-6 4.9572=7 4.0797-8 2.785%-9 1.5655-10 7.2868-12 3.031-13
4.6884=3 9.8077-4 1.6515-4 2.2666=5 2.5551=6 2.3757=7 1.8243-8 1.1565-3 6.0C2}-11
3,67072  1.1654=2 2.8628=-3 5.5819-4 8.7198=5 1.1256-5 1.1816 t.Q227-7 7.265%9
1.2017=1  6.4922+2 2.4960-2 7.2532-3 1.6441=3 2.9713~4 4.33985 5.1631-6 S5.025-7
1,0892=1 1.3911=1  9.8285-2 4.6607-2 1.6147-2 4.2794=3 8.9197-4 1.4877—% 2.0069-5
1.8350-5 5.47552 1.2915-11.2656~1 7.5863~2 317822 9.92T1-3 2.3987-3 4.5830-4
L1512 218222 1.0029-2 6.9341-2~1.3500-1 1.0721-1 5.5312 2.06152 5.81113
1.3307-4 5.&, 2 6.0094=2 2.2404=3 3.7582-2 V16611 1.297=1 8.5100-2 3.83%2
262872 WJoB132-2 1.6192-2 %a2885-2 310972 3.3754-3 7.253%-2 1.3088-1 1.1416-1

S,
1.1148-2  2.559 L2612 4.4292—4?,,835—2 €.4819=2 6.987%3 2.4538-2 1.0407T™
~— o — a——
106348-24.0913-2  4.4129~4 5.0304=2 2,4094-2 8.8213~3" 6.7352=2_ 3.9679-2 367554

4. 11172 1.5834 4.1675-2..1.453 1,8411°F 5.1503=2 2.7558=3 3.5154-2~6.755%2
8.6642-3 z\::"ieo-z 2 o\vwﬁ\-?“ : 622—5 3 ;:aa-eq 0428-2 3,454t
. 2635 ox 25622 13552 _ 2+ + 3555232 042 5

4.8212=3  3.2361-2 1.7042=3"~3.9387=2 s.»ny—4h1—a~1.9ca}-z 1151552~ 5. 15552
2232 4.67753 2.7916=2 9.2564-3 v2.100:-2 227212 T7.83R7-3 deizio-z 127743t
_" T 7 9. 220002 2 7 L1702
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. + .
Table 64. Franck=Condon factors for the a'32 - a3 [l Asundi system

"l ! '0'
[ - [
0 1 2 ' 0 I 2
. 0.14, | 0.244 7. cie.s.| 0.05 | 0.10, | 0.00;
00 | cioe ] oo |l Biiiiiii] 03| 0% | .00
. .10y .00y [ TN .02 . .08, .02,
. ) .01' .05. 10.,..-.... .01. . .06‘ .041
. .00, 05, 1n........ .01 . .05 .05
Soeiiiinn 12 .03y 00 |} 12...... ..l 0.00, | 0.03 | 0.0%
: 6........ 0.09, | 0.08, | 0.02 ‘
| H

Data from Jarmain, Fraser, and Nicholls [114].
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Table 65. Franck-Condon factors for the aBH - Xl):+ Cameron syste

0 k) 2 3 4 S [ 1 8 9 10 k) 2 13 14 1c

G Ve W N

2.6630-1/3@40-1-2.3251—1 8.9476+2 2.2038-2 38613 4.6300=4 4023555 2.82556 138937 5.0012=9 1.2989~10 2.3326~12 3.3047~14 9.1193=15 2.918
3.1901=1 2.87732 1.0300-1 h51t1 359160-1 7.2368-c 1.7063% 2071573 3.0355=4 2.4313-5 1.4060-6 5.8594-8 1.74339 3.6435~11 £.9358-13 3,21
2.1889-1 5.1400-2 1.524’51 752655 1.4638-1\3.}»;14 1.3634=1 4.36932 8.8478-3 1.2087-3 1.1517=4 7T.TR1~6 37269~ 1.2612-4 2.9550-10 4.60C
1.1396-\5551-‘ 971753 1:2910T™ 5.85872 33566-2 To3954-=1 189131 827142 212082 3.5978-3 396164 3.10U~5 1.701596 6.32194 teeC
5403502 1.6269~1 3.5793~2 8.398%-2_ 3.6110-: 129731 4.2122-4 1.2060-1— 2.0982-1 1.2758=1 4.14632 8.3235-3 1,102~} 9.93753=5 6.239746 24698

-~

2.0031-2 1.1052-w133-1 1.1718~3 1.1270-1 854595 1a135321 3.5092-2 4.3675-2 1.9101-1 o1.6782=1 6.9637-2 1.69152 2.6322-3 2.7411-4

1.948
T.4386~3 6.02312  1.2684-1 3.5075-2 4.1&4—&243&—:: 3,0595-2 M'-z—z B.6505-2 3.1856~3 1.4306=11.9248-1 1.0345-1 3.0470-2 5.5668=3 6066
2.6402=3 2.86092 9.646329.0858~2 2.8742-4 81936~ 1.8761-2 7.5386~2 1.302472~ 1.1088-1 7.7275~3 7.9310-2 Ni9ma-1 1.3828-1 4.97502  1.06¢

Data from Nicholls [178].

ﬂsze



2_07

1
16 19 13 19 20 21 22 23 24

=16 3.9476=17 5.U50~16 .9113=17 2.6796=16 4.9718-16 1.6520-17 2.0220~16 24780216 24705717
=15 1.3872=16 5.8010-17 - .5056-18 1.17m9-16 2.5256~17 2.3684-16 3.1879-16 3.4130-17 7.1301-16
=12 5.1893~14 1.9047-15 *.7788-16 1.102-16 2.5792-16 2.9580-18 2.6141-16 2.6022-17 1.2051-16
9 3.0520-11 3531313 L.6455-15 6.2277-21 1.7772-16 4.3996-17 1.6740-17 4.6459-%7 2.2771-17
M7 TeITIT9  1.5132-10 . .0134~12 1.8275=14 1.5746=17 1.6023~18 1.9767-17 1.0614-16 3.5360-16
5 9.4828=7  3.1326=8  TiE295-10 9.7C81-12 7.8353-14 7.4792-17 7.4775-17 8.5007-16 1.2108-16
4 536935  2.9M96 .0813—7 2.6360-9  4.0840-11 13.3264-13 4.3673-15 1.0126-16 1.5510-16
j=2 1e4667=3  1.3379= .1:80~6 336217 9.0660-9 1.5554=10 1.5277=12 1.0379-14 7.2728-16
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Table 66. Franck-Condon factors for the b

" o
o : 1 2 3 4 5 [ 1. 3 9 .10 14 2 13 14
-4 ‘1~1 T:5972=1 6.8320-2 1.7672-2 5.0662=3 145807-3 5.4937-4 1-7793=4  6.36135 2.3683-54 9.15236 3.6588-6 1.50936 6.4123~7 2.8014=] 1.
1 2:8364-1 1.6322~1 229984~1 425516~ 6. . - 3 - 8
- 4 1:5516~1 6.0316-2 2428912 B8.9289-3 3.5504-3.. 1.4335~3 -5.9018~4 2.4870-4 1.0736-4 4.7436~5 2.14375 9.901%6 4.

Data from Nicholls [178].

ﬁz/&



Hopfield-Birge system

15 .16 17 18 19 20 21 22 23 24
560=7 5077366 2.7171-6  1.3078-8 6.4324-3 3.2290~9 446529~9 B8+6180-40 445726-10 24466910

114-6 2024986 140536 5.5355=7 C.8244~7 144668=7 Te7510-6 4.1660-8 2427548 1.26238
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Table 67. Franck-Condon factors for the a's - X'g' Hopfiel

]
1 2 k] 4 S [4 kd 8 9

10 31 12 193 14

v O N9 6 WV A~ Ww N -« O

3

1.56074
1.0767-3
3.9034-3
9+9038-3
1.9768-2
3.3015-¢
4482772
631772
7.5605-2
83968~

1.6277=3 8o1812=3 2.6351R 6.10092 107511  1.5170~1meh e 7343~ ol 6411=1 ==t . 3008—1

887253 3.3690-2 763252 1.4468~9 1.'11".?’,:5.1653-2 97384=3 5.9060=3 5.4248-2
2449882 6.9140-2 1.0334=1" 8.9034=2 2.1228-2 2.3255-) 4.6942~2 W
4482262 9422532 '7.1504-2 164232 6.9154-3 5.5939-2 “5.9960-2 1.1284~2 9+0294-3
To1269-2 8467762 2.8151R 2.8185-3 4.950:-34.9034-2 3.0426~3 2.25142 5.9330-2
8.5238-5 5.70042 8.2878-4 3.30V2 5.08552 4.5544-3 2012522 5.1143-771.1595-2
848122 2.2752-2 9.6524=3 5.2360-% 1.5039-2 1s0625-2 4.6830-F 1.15262 1.4835-2

07300 2040153 3.41030/ 366922 3.5930-4 3.3911:2/2.0591-2 5033243 4.1913°2
4.8694=2 2.3681=3 4. 9.9733=3  1.8520-2/3.51162 1.4081-7 3.3619-2 1.8494-2

870892 4.9521-2 2.3997-2 9.9259-3 3.5040-3 1,
1:22121 1:3602-1 1,1%60-1 B.0765-2 436712 1,
694613 1.05172 6ubaf2 1160 1:249-1 9.
5.92832 684272 2.1504-2 163573 4.7716—2\1_.
2.6219-2 1.1286~3 4.4512-2 6.8395-2 2.63672 6,

1.0749-2 5.3 3.0129-2  3.5822-4 4.1550-2 6.

472942, 1—3252-2 9e1162~3 5-2162—2 2.639%8-2 1§,
/

1017962 1013232 4.4448-2  9.7984=3 131952 s,
6.0591=3 3.9422-2 .7.4050~3 1.6262-C° 4.11102 3.
padiiio e

2.61482 1.651Z 4.06852 9425515 3:6905-2 9+7616=3 1.6205~3773.0200-2 243437-4 3.332-5 1422042 1.0978-2 3.6339-2_ 1.8255~3 2,

9.1830-3 3.3uS2 2.47462 $.10415 326772 3.3062-4 3.3303-2 5.4679-3 1.9682°

Data from Nichoils [178].

2.2929=2 2.6586~3 3.3816=2 4.4098-3 2.0184-2" 2.
4




1d Birge system

15 16
0540-3 2069294
2702 7-0087-3
33092 5e3002-2
Bﬂ 1423981
1998 3nd 4+5300-2
5884~ 2026612
13949=3

05542

54453

P

gsspe  M03E

17 18 12.

2/

20 21

22 23 24

581625  1.0549~5 1459276
2.4102~3  5.2609-4 1.0828-4
2037012 8.4917=3 2.4580~3
9e5266-2 §.3726=2 2.3234=2
1_@_\1;;3_1‘ 1.2226~1  9.0538-2

24733-3  5.43542 1. 1383~9
4:68572 B.443%=2  1.3397-2 846147-3 7.2666=2 1.2225~1

1297987 1.996%6
1.8282-5 2.5083~6
5¢7598~4 1.0895~4
7-8706~3  2.1097-3
4482152 1.93312
1.1864-1 8.0496-2

1959919 9.9581-11 4.7887-12
2075907 2.38808 1.5862~9
1665155 198486 1.8495~7
4348234 7.51515 9.8435-6
509642~3 1.4283-3 2.6541~4
3.8632-2  1.3832-2 3.7504+3
1209991 6.50202 2.7306-2

4074442 6.4357-3 5.6548-2° 5.0622-2 327173 2449452 9.618}1.2577-1 94086~2
e “n—— —

2.2850-2 "4.1619-2 6.2729~3 1.9316-2%51-2 3.2199-2 _ 6e1712-4 5.3937-2*1929-1

3.3234-2 1241956 3.653-2 3.6733-2 843356 4.096~2 6B523-2 105122 1.5505-2
e iy
3.613: 2 1.8984~2 6.0007-3 4oTUCTMTTI82 8.1976-3 6:0143%2 400752



Table 68.

Franck-Condon factors, r-centroids, and I, for the dBAi

- a3H Triplet system

.o
0.007 ) Oo4d | Oi1ro | 0204
[.298 | [.321 L3ye 1394
A 3.y 5./ Y. 0

21%031 |01y 0. 162 | 009y
[.2822 .30 LYag | L3
5.8 14.9 lo, 2 3.0

3 | 0,068 O (Y 0.00y 0. 000
1.247 [.28¢% 1.3 _—
(o 2%.9 6-? —

Ly 10./07 19113 10,004 | posy
[-2r2 | 1.1y | /. 28C | J.323
35 23,7 0.5~ Y.y

o133 0.oxi 0018 |24 09
[, 238 l.2v9 | 1,289 l. 30
63 1y.3 3.3 -2

L | 9019+ | Ooo8 | 0.06/ 0.03%0
[ 2r ¥y .24} 1249 /, 289
75,3 3. u 1y, § Y.

7 10132 | 0voz 0.073 | 0. 000
[-212 1.2yv) .25y -
872.9 0.9 11,7 —

41013 4022 | 0.04yr ]| 0.020
[- 200 l.2z2e L2>a |l 1,267
3. 2 130 /8.4 S

9 0,086 0.0vr |0.017 0.045%
[.186 | 1211 1,238 | 1,240

831 | 104 8.4 [9.b.
q Ref. [240, 239]
r-centroids Ref. [240]

I, Ref. [239]

The quantum numbers v' listed above are one unit higher than that

used in Refs. [239, 240].

somewhat uncertain.

The tabulated quantities are therefore

Tz



Table 69. (a)

Franck~Condon factors, r-centroid

+
sytem of CO
’I'
v 0 1 2 3 4 5 6
4.2745-2 1.5201—-1 2.4987~1 e 2 5167~1 @ I 7336—-1 8.6341-2 3.2330—-12
0 1.177 1.201 1.227 1.253 1.280 e 1.310 1.340
4910.9 5499.9 o 6238.7 6222.7 7170.1 8436.1 °
1.1506-1 1.9326—1 8 0462—2 5.6766—4 9.1665—-2 1.9053—1 1.7595—1
1 1.160 1.184 1.208 1.234 1.260 1.288 1.317
4565.8 5072.1 5693 .6
1.6979-1 0.7458~2 3.2276—3 1.0830-1 @ 8.4544—2 3.5046—4 7.2252 -1
2 1.14 e 1.167 1.191 e 1.216 1.241 1.268 1.295
4272.0 4711.2 5900 .4 )
1.8234—1 1.2721-2 7.4829-2 6.8836-2 4.1855-3 9.7419—-2  6.2065-—1
3 1.129 1.152 1.175 1.198 1.223 1.248 ® 1.275
4017.7 4403.3 4865.8 5420
®
1. -1 5.7963-3 9.6177—-2 5.7868—4 7.7853—-2e 3.5317—2 1.9930 —~2
4 1.114 1.136 1.159 1.182 1.206 1.230 1.256
3795.8 4138.9 4518.8 )
L J
1.2187-1 4.5371-2 4.7189-2 3.3357—2 5.5035—-2 9.2740-—3 7.8567 —¢
5 1.100 e 1.122 1.144 1.166 1.190 e 1.213 1.238
3600.8 3908.0 4244.1
°
8.3692—2 8.3500—2 4.9733—3 7.1968~¢ 2.7299—-3 6.3653—-2 1.3161-2
6 1.087 1.108 1.130 1.152 1.174 1.197 e 1.221
3427.9 3705.3
5.3165-2 9.8536—-2 5.1549—-3 5.6486—2 1.6807—2 4.5090-2 1.3848 -2
7 1.074 1.095 1.116 1.137 ® 1.159 1.182 1.205
3273.9 3525.6
f'/ 3.1817-2 0.1846-2 3.2115~2 1.8802—2 5.375-2 4.0655-3 65.4195—¢
,.‘ 8§ 1.061 1.082 1.103 1.124 1.145 1.167 1.189
" 3135.5 3366.1 o
1.8182~2 7.3806—-2 5.9270—~2 2.3453—4 5./271—¢ 9.0654—3 3.8654~2
9 1.049 1.069 1.090 1.110 1.131 ® 1.153 1.175
3222 .4
1.0025-2 5.3529-2 7.2508-2 8.8302-3 2.8246—-2 3.8194—-2 4.8691—3
10 1.037 1.057 1.078 e 1.008 1.18 1.139 1.161
3093.3 3314.2 °
1 3180.3

LEGEND: gy9%7; rorpre(R); Aprpr(A; Ry head).

Data from Nicholls [177]
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+
5, and wavelengths for the A2Hi - X-22 Comet Tail

V"

7 8 9 10 11 12 13

-

’ 9.2074—3 2.0181-3 3.4136—4 4.4433-5 4.4130—6 3.2957—7 1.8103—-8
1.373 1.407 1.445 1.486 1.531 1.581 1.639
9.9924—-2 3.8971—2 1.0969-2 2.28i2—3 3.5380—4 4.0879~5 3.4817—6

o 1.347 1.380 1.415 1.453 1.401 1.539 1.590

[ ]
1.7243—1 1.6130—1 8.8206—2 3.2140—2 8.2237-3 1.5168—3 2.0329—4
1.324 1.355 e 1.388 1.423 1.460 1.502 1.547
®
1.0539—3 9.1449—2 1.7241—1 1.3941—1 6.6706—2 2.1102—-2 4.6305—3
1.303 1.332 1.362 1.395 1.430 1.468 1.510
®

[ ]

‘ 9.8372—2 2.9637—2 1.6384—2 1.2684—1 1.6791—1 e 1.0874—1 4.2944-2
1.282 e 1.310 1.339 1.370 1.403 1.438 1.476

®
[ ]
5.5604—3 5.3820—2 8.1631—2 2.9760-3 5.7725-2 1.5860—1 1.4{625—1e

o 1.263 1.290 1.318 o 1.347 1.378 1.411 1.446
4.3797—2 @ 5.0731—2 4.9493-3 8.56397—2e 4.0134—-2 8.7306—3 1.1564—1
1.245 1.271 1.297 1.325 1.354 .385 1.419

.
[ ) .
5.5377—2 @ 0.5381 -3 4.3949- ¢ 7.9079—2 3.0458—3
1.228 1.305 1.333 1.362 1.393
® [ ]
° 3.7020-3 3.8243—2 0 4.6432—-2 5.7134—3 8.3050-2 ¢
| 1.212 1.286 1.313 1.341 1.370
[ ]
1.6939-2 4.6950-2 0 4.2012—-3 6.4832—2 4.4651—3
1.197 1.268 1.204 1.321 e 1.349
[ ]
4.7008—2 ¢ 5.7364—4 @ 5.1802—-2 ¢ 5.7995—3 4.6167—2
1.182 1.252 1.276 1.302 1.329




(b) Smoothed band strengths and I, for the AN, - X°5' Comet Tail

+
system of 0

Smoothed Relative Vibrational Transition Probabilities, -
Franck-Condon Factors and Intensities at Infinite Temperaturc for the
Y CO+ Comet Tail System

v’ 0 1 2 3 {
v .
0 10-07, 0-21, 0254
16 31 22 s
1 0-18, 0-31, 0-10,
P e oo
56 62 13
2 0-25, 016, 000, 013,
100 43 — 12
3 0-23, 0-02, 0-12, ] 0-10,
N 119 07 29 . 16
4 0'16. . 000, 016,
k=] "G, O,
106 04 . 53
’ s 0-09, 0-05, - 007,
7-4 30 - 29
Order of entry:
Povt
Ip=pypprliy st

-+ py # and gy are made equal for the (0,2) band,
1 I, for the strongest band in v/ = 2 progression is normalized to 10-0.

Data from Robinson and Nicholls [212]. See also Nicholls [177]

who 1lists absolute band strengths.



Table 70. Franck-Condon factors, r-centroids,

+
system of (O

9"

e

2 3 4 5 6

v 0 1
§.81,6—1e 3.3935—-1 1.0391—-1 2.1425-2 3.3829-3 4.3283—4 4.6493-5
0 1.144 1.194 1.244 1.287 1.326 1.364 1.400
2189.8 2299.6 e 2419.4 2550.3 2693.9
°
3.125t—~1. §5.6508~2 3.1801—1e 2.1702—1 7.4905—2 1.7485-2 3.0871-3
1 1.106 1.155 1.204 1.251 1294 1.333 1.370
2112 .4 e 2214.5 2325-2 2445.8 o 2577.7 2722-3 2888.2
1.1150—-1 2.5777—1 1.7629-2 1.4638—1 2.54/97—1 1.4707—1 5.0060-2
2 1.069 1.121 1.171 1.213 1.261 e 1.303 1.340
2042.3 2137.8 2240.4 2352.5 2474.2 2607.2 2752.9
3.2473—-2 1.9840—1 9.1270-2 1.2299-1 1.7280-2 1.9272-1e 2.0098~1
3 1.033 1.085 e 1.134 1.181 1.224 1.268 1.308
2067.9 2164.3 2268.6 2381.5 2504.6 2638.8
8.7613~3 9.3336-2 1.8641-1 2.0368—3 1.6458—1e 1.3055—2 8.0761-2
4 1.001 1.051 1.100 1.151 1.192 1.235 1.276
2004.7 2095.3 2298.2 2412.4 ¢ 2530.8
[ [ J
2.3512—-2 3.5568-2 1.4450—1 9.6430—-2 3.3580-~2 9.0646-2 8.4073—2
5 0.972 1.018 1.067 1.116 1.161 1.203 1.253
2123.8 2240.7
[ ]
6.5484—4 1.2423-2 7.7652-2 1.4383-1 1.4131—-2 1.0278—1 1.6521-—-2
6 0.949 0.989 1.036 1.085 1.132 1.175 1.216
2061.0 o 2154.1 2254.3 2362.5
1.9382—4 4.2548-3 3.5179~2 1.1345—-1 8.6423—2 7.6920-3 @ 1.1023~1
7 0.930 0.964 1.007 1.055 1.105 1.141 1.188
2003.1 2091.0 2185.1
6.1606—5 1.4863-3 1.4785-2 6.7715—2 1.1387~1 1.9286—2 6.0578—2
8 0.916 0.944 0.982 1.027 1.075 1.112 1.160
2034.3 o 2220.3
2.1063—5 5.4116~-4 6.0866—3 3.5219—-2 9.3771-2 7.0725—2 2.1280-3
9 0.906 0.928 0.960 1.002 1.048 1.086. 1.134
. ’ 2067.8
7.7224--6 2.0752—-4 2.5347-3 1.7188-2 6.1765—2 9.0888—-2 1.6576—2
10 0.896 0.916 0.941 0.978 1.023 1.061 1.120
°

LEGEND: @yy'*; Toer?(R); My (R).

Data from Nicholls [177]

24\



+
nd wavelengths for the Bzz‘, - X22+ First Negative

t'"

7 8 9 10 11 12 13
4.2800—-6 3.4197-7 2.3051-8 1.4753-~9 8.0798—-11 3.8512-12 1.5198-13
1.436 1.471 1.604 1.540 1.573 1.611 1.662
4.3778—-4 5.1617-56 5.1685-6 4.4619-7 3.3470-8 2.1985—9 1.2678-10
1.406 1.441 1.476 1.508 1.543 1.677 1.611
1.2034—2 2.2278-3 3.3332—4 4.1505-5 4.3877—-6 3.9856—~7 3.1397-8
1.377 1.412 1.447 1.480 1.515 1.547 1.581
2913.2
1.0112—-1 3.3106—-2 7.9746—-3 1.5079-3 2.3253—4 2.9988-—5 3.2863-6
1.348 1.384 1.41Y 1.853 1.486 1.519 1.553
2785.8 2947.6
1.9766—1e 1.581—1 7.0002-2 2.2074—2 5.2794-3 1.0075—3 1.5830-4
1.320 1.356 1.393 1.426 1.495 1.494 1.525
2672.4 2850.8 o 2084 2 ’
5.9474—-3 1.3060—-1 1.8110-1 1.1773-1 4.9196-2 1.4979-2 3.5478-3
1.289 1.328 1.365 e 1.400 1.433 1.467 1.499

2707.9 2858.1 3023
1.2332—10 1.6654—2 4.2878-2 1.5470—1e 1.56563—1 8.9430—-2 3.5154-2
1.263 1.302 1.337 1.374 1.408 ... . 1.441. ... 1.474
2745.1 2897.2 3064.0 -
°
7.1716—-3 8.1655—2 7.6130—-2 1.7244—4 8.3111-2 1.6%00—-1e 1.3163~1
1.233 1.273 1.313 1.347 1.383 1.417 1.450
[ 2938.5 3107.5
°
4.8078—2 6.0654—~2 1.4760-2 [1.0067—-1 2.8675—2 1.5114-2 1.1196~-1
1.203 1.245 1.286 1.320 e 1.359 1.394 1.427
2984 -2 31527
[
9.2383—2 1.1706-3 8.7635—2e 5.9808-3 65.6825—2e 7.9908—-¢ 4.2895-3
1.177 e 1.217 1.264 1.301 1.337 1.371 1.405
2255.7 ) 2874.5
4.1251—-2 65.7720~2 2.3196—-2 ¢ 4.6206—2e 5.2402—2 4.7360-3 ¢ 8.0689 2
1.167 1.193 1.241 1.276 1.318 1.350 1.384
2293.7 °
/




M

[LLT] STTOUSTIN WoIJ BYBQ

‘speay -9%: :w::-..«\.:-.sv GNADRT]

el GG 1 e T0E 1 o1
T-SGBU L I~i981 I—£I09 €—199V'G F-lUB1'C F—£991'0 F-8W0GT 9—IL0BZ L-l063°9 O1—ZIZL'S OI—1.96'1

* miTe gl tee e 6
G-9921'¢  G—SOP8°C I-ISHET  I—18L°'% T-0600'L T-G6901 F-07SG 6 S-109F'S O-7GI8'T  8-7aSI'L OI~LIS9

8611 g81°1 2121 smle el 6281 8
E-1900°1 @ 5009 G—EROSF 109101 J-/F00°7 T-91F0S E-SLIEE F-€16SL 9-GE0°9  0-4e80'1 690812

111 8c1°Y 9811 6121 21 e  eeel <281 L
g-THO L F-I819'1 G—BI0F G—l368'0 &—1e81'6 J—6890F g—gFGi'9 F—996°L F-ES80F 80001 L-9RL9'T

on't £81°1 81’1 9811 6121 £z T O] 8811 0
JETTEOL'S TTISFGT  F-S99I8 G-fSG0E G- UGS GLI6S'6  J—0lEYf T-GrHO'9 S-BLE F-SOW  L—GROL'T

[ ]

180'1 801°1 1511 £81°1 o811 6121 ¥ 1 9He' 1 65h 1 G
§~£36L°9 ®3-1686'L T—OUS'Y E€—ISTS'L T-FA8L'1 1—8SE0'T 1-6002'1 I-g8i6'E T-SS10'S S—GEIEV  9—L619°2

290'1 101 9011 6211 ge1'1 1811 6121 e e ST ggp 1 v
T~THIET  Z—O6IL'9 §—£009'8 T—ISIH'L 2-1SH0T £-2%0F 1-88K0'1 1-1%@L'1 I-@sEr's g-IHEE  S-8TL
. 8 V1EE

9€0°1 6S0°1 1801 £01°1 221°1 €11 e8I°1 21271 £92°1 @ 8He'1 vir'r ¢
T-H691 G-GBE'E T—I680'9 §—6F80°C ® I-£880°1 T—SEER'Q £-10S0°C G—GOS0'8 1—8BL9T [-9109'C Z-63IET
° L 96¥E

900°1 280'1 g80'1 2L0'1 001'T i 081'1 081'1 gIz'1 1921 SET T
£-9890°'F ©-0098'6 G—89EC'T T—18C9F C—SSBE' 0056’1 ® I—8916°) T—SLE0F —IS19°T J—Lll08'6 ® 1—900E'I
. 1°6L1% b 2028

116" 666" 9201 050°1 €20°1 960° 1 wit ¥y LT 3181 861 1
P-0oLb'S E-19ST €-0GLF  T-O091L G-SEGLT T-GFS00  1-1L011 ®1-uisy  1-SG951 G20l I-u88'f
. 160ck  0°£S6E

196° 286’ 066° 020'1 g10'1 890'1 260'1 L £r1T €201 80z 1 0
S—gEEl'E ¥—FHHE0T P-SSEE'E E-C8W0'T E~SGOI'E €—FL0P'6 Z—S2E9T Z-11/8'0 [—9/19°1 ® I-8LII'S O 1-96vl'Y

or 6 8 2 9 g v ¢ 2 1 0 a

-

T
uoswyor-39PTe (1LY -

wmm U7 J0J SU1IUSTOABM DUB ‘SPTOIqUSO-d €8J0310BJ UOPUO)-HOUBLY
+

ue1shs
+oo Jo us}

*TL 9T98BL



Table 72. Franck-Condon factors for ionizing transitions

Transition probabilitics

(a) CO(2*) vreg— COYEE?) wpuiod
: T
v SEgVp ‘{ =3
a0 #ho 0.96355  0.96335
) e i 0.03634 0.99989
2 0438 0.00011 1.00000
3 O oY 0.00000 .1.00000
1 3 Q0 0.00000 1.00000
5 1.} 0.00000 1.80600
6 i ' 0.00000 1.60000 ,
7 1 0 0.00000 : 1.00000"
3 : 0.00000 ' 1.40000
) o A 0.00000 £ 11.00000:
0 i 0.00000 11.60000; i
- Transition probabilities
g&) COo(ix+) = COLML) yroguro.®
v AE*V» { xq,
0 0. 0.07937 0.07937
i 0. 0.17618 0.25555
2 0. 0.21517 0.47072
3 0. 0.19212 0.66284
4 0. 0.14062 0.80346
5 0. 0.08979 0.59320
6 1, 0.05187 0.94507
7 1. 0.02786 0.67203
K 1. 0.01416 0.98709
¢ 1. 0.00600 0.99399
| 1. 0.00326 0.99725
- Transition probabilities
() COUE") vroa—sCOBIZ) vrprent
i ALfeV)w q .‘:%
G 0Jooo 0.65853 0.65853
1 o0J20s 0.24825 0.93678
2 o}s00 0.05248 0.95926
3 01603 - 0.00595 0.99821
4 ol790 0.00146 0.99967
3 ob71 0.00026 0.99993
6 1} 0.00005 0.99998
: 1.hu 0.00001 0.99995
: 1.k 0.00000 0.99999
9 1.}19 0.00000 0.99999
U] 1.§69 0.00000 0.99999

Data from Wacks [264]. Halman and Lawlicht [88a] have calculated q

16 3,16 2.18
for isotopes 0120 R Cl 0", and C1 0.
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Table 73. (a) Lifetimes, Einstein coefficients, and oscillator str
NBS 506—Analysis paper

* GPO : 1962 OF ~640486

Radiat|ive A AV' ,
, v’ v"
Molecule Tra g idion Bawd [4rfetimd 7’(/,,.;) (10651 (10851
CoO AT — Xt | a2
. o—o | n.1¥elg) xwo? 9.0
-0 70.0 (20bs) xs9™3 yX)
2-~0 70,0 (tolr) xo~? /8.0

Biv* L xIx*t | a

O~0 {7 Xro

Cis+_L xir+ a

L3 | & 8.b(*oq) o~

Cot A‘m.-ﬂ-x‘z*é*1~o 2.61 3]0, 20
1~1 2.9rf |0 22
2~ 2.43%t]o 2/
2 ~1 204 *lo, 21/
3-o 236to. 1
Y-0 2. 1H o 2
-0 241 *lo.13
Aveu5< 2.6
B2+ X*T* | 0-0 [1.4
o1 8.0
0-2 2.2
0~ 0.Uy
20 Ay) 31.1‘(;"}))(/0“’ 22.8
1-0 ’ 8.2
1-1 1.4
i~ .0
1-3 4.3
1-y 11
vz A )] 3953 3) xr0—} 22.8
=2 A0)] 38.8(u) xio—? 23.2
c 39.5(218) xr03
c lio1(+q]05) xo~t
d

Integrated f-value for the system from inelastic electron scattering. Tab

—_—— f-values for bands of this system.

oo (V) T and f for v' =0

(c) Average for the B-X transition.

The discrepancy between the two values i

(d) Continuum, 876-374 A

Decay of emission from each band observed.

K

Lifetimes of upper vibrational

I (I 2 A 1 I




28

sngths 2’8‘
Abh 4'.
f‘f:’ 10W| {Ze{
f-valve
02y ¥
/oza
lov g
/o &
0034y 142
0.0/ 1024
>0.28 14 2
8.9 4.9 303 2374
)
Wi

2.2(t0.5) X ro=>

8. 920"

€Y xig”

2.4 %/0

0.4 xio

5 xt0|

/.3 %18

/143

5. xo™ 3

). $xi0™

L xte™

1861.6) k02 /

7.9(20.7) | xs0~3 1374
2.8 e
le 73 (e) lists

as yet unexplained.

levels measured.




+

Comet Tail system of (O

-
b

e A2H. - X2
i

Einstein coefficients, absolute band strengths, and band oscillator

strengths for th

(1)

1.21-2
.710—4

1

3.90+44

30N
Rrl=ea
1~ B~

—~t o

Celn Rl

223

-

o

=
o O

N

7.84+4
1.798-2
2.78—-4

1.334-5
2.42-2
4.07-4

0N -
+ 14

b
[~ ]

N

6.84+44
1.03-2
1.85—-4

6.51 44

7.67-2

1.49-4
2.9

LEGEND: Agtyr(56c™): pyre’ (age): frryrr.

Data from Nicholls [177]



- ) 1 +
(¢) Absolute f-values for the A'll - X's' Fourth Positive system

£ ayn (x 1073)

v oo 1 2 3 L5 6 71 8 9 5.t
. v v'v®
V'O 9.0 20.1 2.2 1k 6.7 2. ' T3.5
1 20.2 1k.0 0.3 6.5 15.8 k4.7 8.2 3.3 83.0

2 22.6 1.2 8.3 10.3 o.b 4.8 13.2 12.9 T.4 3.0 8L.1

Data from Hesser and Dressler [102a]




- - Table 74. Potential energy of the electronic states of 0 and CO+

* GPO : 1962 OF —640486

- Data taken from Krupenie and Weissman [13%].

*Data for the eBZ— state [138] are not included because of a revision
in vibrational guantum numbering [238a].‘ The newly revised numbering

is definitive (Section 3.10).

71|




NBS 306 —Analysis poper

(o]
Potential energy of the Xlz+ state of (0 (re =1.128322 A)®

® GPO 1962 OF — 640406 , .
v \/(C\"") ‘\/(QV) Ymin (l{) rmau(ﬁo)
L O | fo8l.590 | 013y 1083 (129 .\ . . .
L }3224.8%% 1 039498 | /o053 |/ 220 - -
T S R AT AL 06613 |l osy | [ rso . o =
3 1l 3y3eea]| 0921y j.ozo L2790 - _ . _
Y 1 9y4q6.048} 11173 l.oo 8 [ 300 N . o
5 11533.36 ) (4300 | 0. 992 | [.32v | ___ ] -
6 Misuni9] Ler19y 0.99¢ 343 - I
7 jisriety]| 19155 | 0.980 | 1363 - .
8 [748%.9 | 268y 0.972 | [.383 o .
g 144235 | 2.4o08 0.96r Lo o ]
| lo 233607 | 2. 6uel 0.95%9 | l.wzo . N
b adury | 1087979 0.9513 /1-438 _ I S B
| 250885 | 2./080 0.4¢4) lyré b b ]
13 _24899y | 33349 2.941 L4y I IS EE . DR S o
Y 1.187e3t | 3,587 0.977 1 y9 _ I R o
15 _3o482.7] 37793 | 0.931 1509 R R R S
| i 3wy | 3.994¢ 0.92¢§ [ 2¢ o N
| 314963.9 | §.209 0.%913 . Syy ~ o R
| 181 3riebR | yvrro °.9:9 l.5é1 o ) N I S S
19 ] 37394y | 4. 6300 0,916 1.J79 I B | ]
20 389127 | v83ug 0.912 /596 - e R T
2/ Yolarn 7 | 50148 0,908 .61y _ R _ .
13 Y108 | 2330 0,905 {, 631 o D N
23 L 43176 | syery o, 7o/ | [.64F R i _ . |-
29;1’ 45 3oy TR RN 0.958 1668 . . B e
u—“ {803 5 Bor? 0.8 /684 . ) I
:‘—” | - {7 ([ | - N R
L g. Data for v = 0 to 7 from vibration-rotation spectra I
. b. Extrapolated to highest observed level T
1+ _—
__c. rc: See footnote X% , Table 1.
222




Potential energy of the a3H state of O (Te = 48687.40 c:m_l = 6.0363 eV,

Q
r, = 1.2058 A)

Vient)

V(iev)

TC“’V
(¢ m“)

T¢+V
(el

‘rhl.n?_(A.)

Fina, (A)

|
t
!
{
'

p

868.10
258,71
4rb6.
59211
ryé. 8
Fiyz, 3
10%/0

',JL}qé

0.107¢
0.3 2010
0.5t90 |
0,13yt
0,935
{4334
IR IAT
(.58

“Y4rrr sl
1270, (7
SR L
SYo08.¢
Sbasv. 2
578 30
$939g

G o3y

14

b.lyyo
b3rer
6.565
6. 720w
{9710
7.149¢4
1.34q 2
25747

lo1r9
I
l.1o3
l.o87
107y
{.663
l.or v
/oW3

(.267
l. 310

L3vy

1.3757
/. 403
lvaqg
lrwry

d-v78 )L

— i T
Y SN B




Potential energy of the a'3>:+ state of (Te = 55822.92 cm_l =
o
6.9210 &V, r, =1.3519 A)
Te +V Te+V I

v v<ch“,‘) V(CV) (c.;.‘i) ( CV) 'r,..;.,,{/f) r»Ax(ﬁ.)

o téirser 100151 | siwdnso | 6.9969 1294 fve3 | o
b gy 02258 | smolvaie] Toweg loag7 1928 s
r 13008.£43]0.373s | 5883175 7.26u0 .23 l.$20 | T
3 wi7r.ib o576 919 8.08] 7,y38¢ I A 00 o A T I
e M I5ya13y | 06597 biruy. 23 | 75807 [.198 {s9y | B _
¥ P bywbdr | 079927 | brab%ag {77202 | [aBs5 b {1
b 7w | 6.9%3 | 6337503 78597 | 174 nérz | e
7 l'S86ys | 1070 buyir. 03] 7.9920 I by 1882 )
B 1 %rersy | 2033 | bsrasug! Bl2yd | 1.Fr RO Z/ A D

% dterrias 18325 berIv.02 | §25 29 1143 L7350 )
__do Him9,2¢ | rwbkey | b9lo28 ] @351y /)39 I R
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FIGURE CAPTIONS

+
Figure 1. Potential energy curves for (O and co

+
Figure 2. Energy level diagram for (O and CO
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13. REFERENCES

The references cited below have been traced from a number of
standard sources {99, 187, 213, 117, 69]. Recent references have
been traced through the use of:

(a) Herzberg, G., and Howe, L. L., "Bibliography of Spectra

of Diatomic Molecules, 1950-1960", Ottawa.
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(e¢) Phillips, J. G., and Davis, S. P., Newsletter, "Analysis

of Molecular Spectra", Berkeley.

These sources have been supplemented by the use of Current
Contents and.Chemical Abstracts (Vol. 1 to the present). The
literature search terminated in May, 1965. Most valuable as general
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APPENDIX A

Notation and Terminology

The spectroscopic notation used in this report is that adopted in

Herzberg's book [99] as modified by recommendations of the Triple Com-

mission on Spectroscopy (J. Opt. Soc. Am. 43, 425-30 (1953); 52, 476-7

(1962); 53, 883-5 (1963)). A number of specific conventions used are

itemized below.

(1)

(2)

(3)

(4)

(5)

(6)

Wavenumber in cm_1 is denoted by o3 v is reserved for
frequency in s-l.

N is total angular momentum of electrons and nuclei
exclusive of spin (case b, b', d), formerly denoted
by K.

Rotational angular momentum of the nuclei, formerly
denoted by N, is now denoted by O.

Dissociation energy is written as D° or De; rotational
constants (for the zero level or equilibrium value,
respectively) are denoted as usual by D, and D_.

A transition is always represented with a dash, as

2H - 22 transition. The upper state is always written
first. « means absorption; — means emission, for an
electronic, vibration-rotation, or rotational (here,
microwave) transition.

A perturbation by one state of another is indicated as
Y- (lAln) perturbation, following an early notation
of Kovacs. (Conventions used in some early papers

lA, n.)
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(5) States which are predissociated have Pr written in the
column for dissociation products. (For €O all known
predissociations are due to 3P + 3P states.)

(6) A1l numerical data are in units of em ' unless otherwise
indicated.

(7) References cited include only those from which the
numerical data have been extracted. Other pertinent
references are cited in the appropriate sections of
this report.

(8) The tabulated molecular constants have been taken from the
references cited in Table 1 but are not necessarily
those which best fit the individual vibrational term
values or rotational constants where these have been
compiled from various sources.

(9) To avoid confusion of sign conventions several formulas
are listed below:

Vibrétional terms:
6(v) = o (vrg) - wx (vh5)® + oy (v2)® + vz (v+z)*
i.e., a negative value of wexe from the table
would mean a positive anharmonic term.
Rotational terms:
FV(J) = BVJ(J+1) - DVJE(J+1)2 + HvJa(J+l)3
where (—Dv) is always < O, and
B, =B_ - o (vig) + y (vig)® + 8, (v+z)?

D, =D_+ Be(v+%) [for €O, X12+, g < 0]

H ~H .
v e 24¢




(7)

(8)

(10)

(11)

(12)

The

(2)

(3)
(4)

A progression of bands is indicated as fcllows; e.g.,
(a) v" =0 progression
(b) (v'-0) progression,

Reciprocal dispersion is given in K/hm. However, follow-
ing the colloquial use of many spectroscopists this
quantity 1s referred to as dispersion.

In the tables, aneiengths above 2000 K are alr wave-
lengths unless otherwise specified; below 2000 Z
vacuum wavelengths are listed.

The known band degradation is indicated by R (red-
degraded) or V (violet-degraded) in the headings of
Section 3 as well as in Tables 1 and 3-35.

Rotational constants in Tables 36-52 are given in units
of cm_l.

Abbreviations used are listed on p. 6. In addition, zero-

point energy is abbreviated by ZPE.
following items apply to Table 1.

Vibrational constants and term values T are assumed to
be derived from data on band origins. (Herzberg [99]
denotes these by the letter z.) In conformity with
Herzberg, H denotes constants derived from head mea-
surements.

[re] means T _; [Be} means B_; [ug] means AG(%), as in
Herzberg's book.

( ) means uncertain.

T, is the mean height (in case of multiplets) above

X, v=0,d=0.
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(10) Footnotes which give supplementary information pertaining
to the individual electronic states are indicated at the
end of Table 1 and are identified by the electronic

state. Table 1 has been left free of superscripts.

(11) The tabulated ZPE do not include the Dunham correction which

would add an amount given by

Be o w o 2w @ w X
y ==+ ee . e e _ .

3
oo 4 l2Be IAABe 4

(For the ground state this correction is 0.600 cm-l).

APPENDIX B

10~-12
Physical Constants and Conversion Factors

¢ = 2.997925 x 10_10 cm-s

h = 6.6256 x 10—2’7 erg-s
23

N = 6.02252 x 10°7 mole

1 eV = 8065.73 cm_l 23.0609 k-cal-mole-l

LLA(012016) = 6.85621
+
u, (COT) = 6.85603
Az oy(00) =1.138 0723
T TVA P! =1.13843 x 1 g
L(00") =1.13840 x 107

2(8




Atomic weights:

C =12
0 =15.99/915
_ -2 2
k (C0) = 40.3930 x 10 <y
e e

(we in cm-l; k, in dyne—cmﬁl)

- 2
ke(co+) = 40.3920 x 10 Zwe
_ 7
re(CO) = 1.568031 z
(Be in cm—l; r, in X)
r (c0") =1.568052 IIL
e Be

The "Tabelle der Schwingungszahlen" of Kayser has been superseded
by NBS Monograph 3, "Table of Wavenumbers", by Coleman, Bozman, and
Meggers (1960) which is based on the 1953 formula for dispersion in
standard air of Edlen. For low resoclution work the older tables are

adequate.
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FOOTNOTES

Numbers in brackets [ ] refer to the cited references which are

listed in Section 13.
The second report in this series will be devoted to Oj.
Information on CO2+ is obtained from electron impact.

4 Mulliken [169] estimated this energy long ago as 32 eV.

2 The data of Xngstrom and Thalén, as well as fine structure observa-
tions by Loos and head measurements by Watts and Wilkinson at the
turn of the century)are also listed on p. 277 of Vol. V of Kayser's
"Handbuch der Spectroscopie" [127a].

6

It is not certain whether the F state is singlet or triplet.

7 Deslandres called the Third Positive group all [CO] bands in the UV
region not belonging to the Fourth Positive group or Second Posi-
tive group (anstrom system). Some authors refer to the v' =0
progression as Third Positive and call the v' =1 progression

"5B"., The two together should be treated as a single system.

Earlier referred to as the Third Negative bands of carbon.

? The foundations of this method can be traced through Ref. 258.

10 The molecular reduced masses are calculated from the data of Ever-

ling et al., Relative Nuclidic Masses, Nuclear Phys. 18, 529-69
(1960) which are based on the unified atomic weight scale

with 012 =12.
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- The mass uA(CO+) was calculated by assuming 5.49 x 10% a.m.u. for

the mass of the electron and assuming that ionization removes an
electron from the C atom (1 a.m.u. = % mass of 012).

12 The universal constants and conversion factors are those recommended

by the NAS-NRC (Phys. Today, pp. 48-9 (Feb. 1964)).
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ERRATA

p«3, line 2 should read: However, R. W. Nicholls at the Department of

Physics, York University, Toronto, Ontario, Canade hes ...

p.8 Colum three of the table should read I.P.(eV)* (delete footnote

p.ll

p.16,
p-18,
Pe22,
P23,
Pe23,
pe23,
p.25,
p-28,

P-29:

P~299
P29,
p.30,

p.30,
P.34,
p.38,

p.46,

p-47,

reference after the fourth row in Col. 3) (Footnote 4 is revised).
Add to last paragraph: Expectation values of several one~electron
operators are given as well as contour diagrams for orbital and
total charge densities {109(b)].
line 12. ...weak systems, incompletely studied, for ...
para. 3, third line from bottom should read Estey [60] not Estey [10]
para. 2, line 3 ...delete, and of Hopfield [103]
para. 1, last 1ine: Table 5a not Table 5
para. 1, last line: ...origins of the isotopic A-X bands are given...
last sentence should read: These are included in Table 37.
line 1, ..ot 4301 4 ...

para 1., delete the last sentence and add (See Table 9a and Footnote
Bs* to Table 1).

line 3 should read: No bands of this system have been observed with
v' > 0, but the level C, v =1 has recently been observed in the
C-X system [276].

line 4, predissociation for v! >1 mnot v' >0

para. 1, last line: o3s* not (°+* -

para. 2, last line should re=ad ...them is incomplete. Recently,

however, high dispersion measurements have besn made of the C-X,
0-0, and 1=0 bands with v'= 1 observed for the first time [276].

last para., line 1 ...slx systems not seven

para. 1, line 5 Delete the sentence: Theory ascribes ..

last sentence: The terms in order of decreasing energy are anomalous:
Fi>F2>F3.

para. 2, last line: Section 3.14 not 3.18

para. 2, line 3 Delete the sentence: Table 16 includes ...



-2—

p+49, para. 1, last line: Ref. 40 not 71

p.52, Heading should read: 3.12 Kaplan Bands (2750-2520 1) ¥

p.52, para. 2, line 7, ...Gerd [227] not [106]

p.54, para. 1, line 6, delete sentence: Some of these bands ...
Substitute: Long ago Merton and Johnson [160] had observed some
of these bands, but had not identified them.

pe54, para. 1, line 8, ...Hugo [101] not [35]

p.65, para. 1, line 5, ...Fowler [64] not Fowler [64, 189b]

p.66, para. 2, line 10, ...Bulthuis [34a, 35] not [34]

p.68, para. 1, line 8, Ref. [34b] not [237)]

p.72, para. 4, line 1, GerS [71] not [102]

p+77, para. 3 ...(See also Ref. 52). mnot Ref. 120

p-88, para. 2, line 6 ...[72, 224] not [105, 30]

ps92, para. 2, line 7 ..o v! >1 mot vt >0
Delete the last paragraph: Since ... but add to the previous

aragraph: The C~X, 1-0 band has been observed in absorption
i[) and shows no evidence of predissociation. However, pre-
dissoclation is difficult to detect in absorption.

p+95, para. 3, last line [147] not [148]

P97, para. 2, line 2 ... 5 states [99, 69] not o ostatest??

p.99, para. 1, line 4 [102, 191] not [40, 60]

p-99, paras. 3, line 6, Plyler et al. [193] not [197]

Ps103, para 3, line 5 {123] not [241]

p.lll, para. 3, line 4 ([13] not [177]

p.113, para. 3, line 4 {212, 177] not [260, 265]

p-115, para. 3, line 1 [65] not [165]

p.116, para. 1, line 5 should read ... 00, CO*, and CO?* will now be
summarized.



P.117

-3-

Add paragraph after ...non-existent. Two states of 002* have

been observed only in electron impact experiments.

p.118-19  Cis'

p.119,

p.119,
p»119
p-119
p-122,

p.122,
p-123,
p.123,
p-126

p.126

p-128,
pe134,
p.136,

T, =91919.1, T, = 91915, k, = 19.196, wy = [2146.4], r, =1.122,

-6

% = 1.9536, o = 0,020, De ~ 5.7 x 10 ~, ZPE = (1086)

C“X: region 1110-1060, Vmax. - 1, add Ref. 276
0,(0-0) = 91919.1

e » a, Delete Ref. 233; add Ref. 12
B state, v = (2)

-]
B<>A Angstrom, not Angstrom

Clﬁ+ Delete the footnote and substitute:  AG(;") has been
determined from band origins. w (~2180) and w x (~16.8) are

estimates from which the ZPE has®been obtained® eae and Re are

tentative values [276].
b3§*, line 5: [246] not [146]

FLsh): (a) ..eoreported in the open literature for the ...

" (b) line 10, [147] not [148]
(a) [147] not [148]
(b) Delete [199]
1939.12 A Delete [209] it is redundant.
Ref {121] not {29]; [23] not [7]; [224] not [30] in Table.

Table 9 - (b)
¢t <X should read
Q Py
A1) olen ™) -
terxlst  1113.89% 89775.9 0-1
- 91919.1b 0-0
- 94065.5b 1-0

(a) Bend head from data of Read [209].
(b) Band origins from [276].

Ref.

209
276
276



-4_

p.153 Add to footnote: Bands with v' up to 23 have been observed [238a]
but detailed analysis is not yet available.

p.155 PFootnote, line 2: [40] not [82]
p.174 Footnote, [95] not [139]
p-18C [238a] not [276]

p-181 Table 39 should read D,
3
M By Qo)
O 1.9436& o~ 5-7b
1 1.924%

(a) Data from [276)
(b) Data from [224]

p»185 One unit not two units.
p.190, line 1, [140] not [283]

p.238, Ref. 37: should read ...region: molecular g factors of several
1ight molecules, J. Chem. Phys. 30, 976~83 {1959).

p+241, Ref. should be [63] (a) as written

Add (b) Weinberg, J. M., Fishburne, E. S., and Reo, K. N.,
"Hot" bands of 0 at 4.7y measured to high J values,
Paper €2, Symposium on Molecular Structure and Spectra,
Ohio State University, Columbus, Ohio (June 14-18, 1965).

(b) Huo, W. M., Electronic structure of (0 and BF,
J. Chem. Phys. 43, 624-47 (1965).

p«247, Ref. 130, 131 Knauss not Krauss
p.248, Ref. 138 (to be published, J. Chem.Phys., Sept. 1, 1965)

p.249, Ref. 143 should read ...00", J. Quant. Spectry. Radiative
Transfer 5, 359-67 (1965).

p0252, Ref. 171 Can- Jo Chem. not Ca.n- Jo Phys.
pn252, Refa 176 oooin the N2 oo e nO'b wj-th N2
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p.258, Ref. 219 (a) Kenkyu not Kenyu

p.258, Ref. 221, 11.6 Vnot 11 V

p«264, Ref. 278, ...in the doublet - not of the doublet
p-270, Delete the statement in Footnote 4. Substitute:

4 The three lowest IP have been determined experimentally from
Rydberg series limits and electronic spectra of 00 (Section
5.3). Only a calculated value is available for the IP of the
3q electron [109,173]. Long ago Mulliken [169] estimated this
quantity as 32 eV.

p.271 n ... 112- mass of 012 not % mass of 012.




